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Abstract

Skeletal muscle can regenerate to replace damaged tissue. By continuously
replacing damaged tissue, muscle regeneration endows near lifelong strength and
function to skeletal muscle. If skeletal muscle regeneration is impaired or ineffective,
muscle function declines, which significantly increases morbidity and mortality. In fact,
loss of skeletal muscle regeneration is common in many degenerative diseases, such
as muscular dystrophies, myopathies and age-related muscle degeneration. It is
imperative that we understand the mechanisms of skeletal muscle regeneration so that
we can effectively design and develop therapies that will revitalize degenerating muscle.

My work on the mechanisms of skeletal muscle regeneration focuses on two
intimately linked cell types: (1) rare, mononuclear cells with tremendous regenerative
potential called muscle stem cells (MuSCs) and (2) large, multinucleated cells without
regenerative potential called myofibers. When myofiber are damaged and muscle
regeneration is needed, MuSCs activate and expand to form a pool of myoblast cells
that then fuse to existing myofibers or fuse together to form new myofibers. How MuSC
regulate the balance between making new myofibers (differentiation) and making more
stem cells (self-renewal) is not fully understood. Here, we show that constitutive FGF
receptor 1 signaling in MuSC during skeletal muscle regeneration increases MuSCs

numbers by promoting self-renewal and impairs regeneration by blocking differentiation.
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We further demonstrate that constitutive FGF receptor 1 signaling in MuSC from aged
muscle increases MuSC numbers and, surprisingly, restores skeletal muscle to a
youthful state.

During skeletal muscle regeneration, MuSCs differentiate and fuse together to
make myofibers. Myofibers are the workhorses of skeletal muscle — capable of
contracting and generating force — but composed of hundreds of post-mitotic myonuclei
without the ability to divide and make new myofibers. The contraction of myofibers is
dependent on the sarcomere, a complex, interdigitating network of proteins. Sarcomeric
proteins are translated from large mRNAs during skeletal muscle regeneration. How
these large RNAs are regulated during skeletal muscle regeneration is unknown. Here
we show the RNA-binding protein, TDP-43, binds mRNAs encoding sarcomeric proteins
and forms cytoplasmic, amyloid-like oligomeric assemblies, termed myo-granules,
during skeletal muscle regeneration in mice and humans. In healthy muscle, myo-
granules are cleared as myofibers mature. Although myo-granules occur during normal
muscle regeneration, myo-granules can seed TDP-43 amyloid fibrils in vitro, and are
increased in a mouse model of inclusion body myopathy. Therefore, heightened
assembly or decreased clearance of functionally normal myo-granules could be the

source of cytoplasmic TDP-43 aggregates common to neuromuscular disease.
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Chapter 1: Introduction

Skeletal Muscle Regeneration: From Muscle
Stem Cells to Myofibers



A Brief History of Skeletal Muscle Regeneration

Skeletal muscle, the most abundant tissue in humans, powers our ability to eat,
breath, move and talk. To maintain the strength needed for these tasks and to revitalize
damaged tissue, skeletal muscle can regenerate. Historical descriptions of muscle
regeneration in humans were first reported over 150 years ago (Carlson, 1973; Zenker,
1864). However, in the mid-20t™ century, modern histology and microscopy revealed
that myofibers — the contractile units of skeletal muscle — are terminally differentiated
cells, with multiple mitotically inactive nuclei that are unable to participate in
regeneration. The paradox that skeletal muscle can regenerate yet myofibers cannot
make new myofibers eventually lead to a milestone in our understanding of muscle
regeneration in the 1960’s, the discovery of muscle stem cells (MuSCs)(Church et al.,
1966; Mauro, 1961; Reznik, 1969; Shafiqg et al., 1967). MuSCs are rare stem cells
located between the myofiber and the basal lamina. Upon injury, MuSCs activate and
expand to form a pool of myoblast cells that then fuse to existing myofibers or form new
myofibers by fusing together. The new myofibers made from MuSCs restore skeletal
muscle strength and function after damage.

By the early 1970s, the basic framework for muscle regeneration was established
where (1) skeletal muscle myofibers degenerate after an injury (2) MuSCs activate,
expand and differentiate (3) myoblasts fuse to make new myofibers and (4) new
myofibers grow and mature to functional contractile cells (Allbrook et al., 1971; Carlson,
1973; Moss and Leblond, 1970a, 1970b). Then from the late 1970s to the 1980s, this

basic framework was expanded to show muscle regeneration included complex



interactions between MuSCs, inflammatory cells, nerves, blood vessels, fibroblasts and
the extracellular matrix (Reviewed by: (Bodine-Fowler, 1994; Tedesco et al., 2010)).
How each of these cell types contribute to the creation of myofibers and how newly
formed myofibers rebuilt the contractile unit (a.k.a. the sarcomere), still remained a
mystery.

Over the next 30 yeas, genetic, molecular and cellular mechanisms that regulate
the highly orchestrated process of muscle regeneration were discovered (Collins et al.,
2005; Karalaki et al., 2009; Yin et al., 2013). However, with this new knowledge came
an unsettling appreciation that many untreated diseases and syndromes including
muscular dystrophies, neuromuscular diseases and age-related muscle degeneration
have impaired muscle regeneration (Cohn and Campbell, 2000; Shi and Garry, 2006).
The dearth of effective treatments for these degenerative diseases plagues our society
and strains our healthcare system (Beaudart et al., 2014; Evans and Campbell, 1993;
Ryall et al., 2008; Tedesco et al., 2010). We must now apply the 150 years knowledge
we have accumulated to manipulate the mechanisms of muscle regeneration to improve

21st century medicines.

Skeletal Muscle Injury and Degeneration

Skeletal muscle is injured or damaged in humans by trauma, disease or aging.
Following any muscle injury, rapid necrosis of the damaged myofibers occurs. During
necrosis, the cell membrane of myofibers, called the sarcolemma, breaks down

(Karalaki et al., 2009). The breakdown of the sarcolemma releases cytosolic muscle



proteins of the myofiber, such as creatine kinase, into the serum. In fact, measuring
serum creatine kinase is a common, non-specific test for skeletal muscle damage.
Creatine kinase levels are increased by mechanical stress, running marathons, and by
diseases like muscular dystrophies (Sorichter et al., 1997; Zatz et al., 1991). Thus, the
release of cytosolic muscle proteins is an early signal of a muscle injury and an initial
step in muscle regeneration.

The release of cytosolic muscle proteins from necrotic myofibers causes a
sequential invasion of inflammatory cells to the site of injury (Tidball, 2017). Neutrophils
respond first to the damaged tissue and invade injured muscles within an hour of
damage (Fielding et al., 1993). Neutrophils are the predominate inflammatory cells to
initially infiltrate an injury but peak after only 24-48 hours and then quickly decrease in
number (Lu et al., 2011). During this initial phase, neutrophils mediate the post-injury
muscle tissue as they: (1) phagocytose necrotic debris (2) release proteases that
degrade the remaining cellular components too large for phagocytosis and (3) secrete
pro-inflammatory cytokines that magnify the inflammatory response (Smith et al., 2008;
Tidball, 2005). Together the neutrophil response acts to degrade and eliminate the
damaged myofibers so the injury site can be prepared for muscle regeneration.

Macrophages invade injured muscle after neutrophils continue to phagocytose
degraded cellular debris left by neutrophils. Macrophage numbers peak between 5-7
days post-injury (Smith et al., 2008). The phagocytic macrophages clear necrotic tissue
but leave the extracellular matrix intact. The empty extracellular matrix, or ghost fiber,

acts as a scaffold for MuSCs to regenerate myofibers (Webster et al., 2016).



Macrophages also activate and regulate myogenic stem cells during the early stages of
regeneration by secreting cytokines and growth factors; however, the mechanisms
regulating macrophage-induced myogenic activation are not fully elucidated (Tidball,
2017).

The initial phase of muscle regeneration removes necrotic tissue by neutrophils
and macrophages. This sequential inflammatory process prepares the extracellular
space and myogenic cells for muscle regeneration. Impairments in the inflammatory

process delays and impairs muscle regeneration and is an active area of research.

Muscle Stem Cell Activation and Proliferation

Following the degeneration of damaged muscle, the next phase of muscle
regeneration requires extensive MuSC and myoblast cell proliferation (Figure 1.1).
Inhibiting this cell proliferation by irradiation impairs regeneration (Quinlan et al., 1995).
Labeling proliferating cells with [H3]thymidine clearly show MuSCs expand dramatically
during the first five days post-injury and are the source for new nuclei in regenerating
myofibers (Snow, 1978). Although there are other cells in muscle with myogenic
potential that respond to injuries (Asakura et al., 2002; Mitchell et al., 2010), | will focus
on the activation, proliferation and differentiation of MuSC.

In uninjured muscle, MuSCs reside on the surface of individual myofibers and are
surrounded by the basal lamina, comprising ~1% of the total nuclei in skeletal muscle
(Yin et al., 2013). Most MuSCs in uninjured muscle are quiescent and non-dividing,

while a minority (2-5%) are active and maintain adult skeletal musculature (Keefe et al.,
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Figure 1.1 — MuSCs during the regeneration of skeletal muscle

Schematic of MuSC activation, proliferation and fusion during skeletal muscle regeneration and repair.
Upon receiving the appropriate signals, quiescent Pax7+ MuSCs activate by turning on MyoD. These
activated cells are termed myoblasts and can either self-renew by turning off MyoD or differentiate by
turning off Pax7 and turning on mature muscle transcripts like embryonic myosin heavy chain (eMyHC).
Differentiated cells can either fuse to a damaged myofiber (and cause centrally located nuclei) or fuse
together and form de novo fibers.



2015; Pawlikowski et al., 2015). Quiescent MuSC express the transcription factor Pax7
but not the myogenic transcription factors MyoD or myogenin (Cornelison and Wold,
1997). Following a muscle injury and exposure to pro-myogenic stimuli, MuSCs
activate, which increases myogenic transcripts, such as MyoD, and leads to a global
epigenetic and gene expression program that promote MuSC proliferation (Figure 1.1)
(Almada and Wagers, 2016; Cooper et al., 1999).

MuSC activation is governed by multiple niche factors and signaling pathways
(Yin et al., 2013). Together these factors and pathways converge to initiate the
myogenic program, which allows MuSC to become proliferating myoblasts. Wnt and
sphingolipid signaling both increase significantly during MuSC activation (Reviewed by
(Yin et al., 2013)). The growth factors IGF-1, IGF-2, HGF, PDGF, EGF and FGF are
located in the MuSC niche and activate signaling pathways in MuSC following an injury
(Shi and Garry, 2006; Yin et al., 2013). Although it is unclear how these signals are
coordinated, many of these myogenic signals converge on the the p38a/p MAPK
pathway to awaken MuSC into the proliferative state (Bernet et al., 2014; Troy et al.,
2012). The p38a/p MAPK pathway induces MyoD protein production by regulating
MyoD mRNA levels by inhibiting the RNA-destabilizing protein tristetraprolin (TTP)
(Hausburg et al., 2015). Activated MuSCs expressing MyoD re-enter the cell cycle
approximately 24-36 hours post-injury (Webster et al., 2016). Together these niche
factors and subsequent signaling pathways activate quiescent MuSCs and transform
them into proliferating myoblasts. In mice, activated MuSCs expand for approximately

five days following an induced injury, increasing their numbers more than 10-fold



(Murphy et al., 2011; Webster et al., 2016). However, understanding how all of these
signals converge to maintain MuSC proliferation in vivo, represents an understudied

area of muscle regeneration.

Muscle Stem Cell Self-Renewal

During the first five days after a muscle injury the majority of the MuSC
population will proliferate, differentiate and then fuse together to make new myofibers.
However, at roughly five days post injury, MuSC self-renewal increases to replenish the
quiescent MuSC population (Figure 1.1) (Pawlikowski et al., Submitted). Self-renewal
ensures a small proportion of activated MuSCs avoids terminal differentiation and
repopulates the stem cell pool for future rounds of regeneration (Dumont et al., 2015).
During self-renewal, MuSCs decrease MyoD expression, increase cell cycle inhibitors
and maintain Pax7 expression to exit the cell cycle and return to quiescence
(Pawlikowski et al., Submitted). Many cell-intrinsic and extrinsic regulators of MuSC
self-renewal have been identified such as cell cycle inhibitors (Chakkalakal et al., 2014),
receptor tyrosine kinase signaling (Bernet et al., 2014; Chakkalakal et al., 2012), Wnt7a
signaling (Le Grand et al., 2009) and Myf5 expression (Kuang et al., 2007).
Understanding how MuSCs decide between proliferation versus self-renewal is an area
of active research.

Actively dividing MuSCs can undergo two types of cell divisions: (1) symmetric
cell division, where both daughter cells acquire identical fates and (2) asymmetric cell

divisions, where each daughter cell adopts a different cell fate. Adult stem cells typically



self-renew via asymmetric division (Knoblich, 2008). In MuSCs, polarization of Pard3
asymmetrically activates p38a/ MAPK signaling, stabilizing MyoD in one daughter cell,
while the other daughter re-acquires quiescence and self-renews (Troy et al., 2012).
The upstream regulators of this asymmetric signaling pathway is still an active area of
research (Cosgrove et al., 2014; Rozo et al., 2016; Wang et al., 2019) but FGF
signaling was found to be a critical regulator of asymmetric p38a./p MAPK signaling and

MuSC self-renewal (Bernet et al., 2014).

FGF signaling in MuSC during skeletal muscle regeneration

Since the first publications linking FGF to myogenesis and MuSC behavior over
30 years ago (Clegg et al., 1987; Lim and Hauschka, 1984; Olwin and Hauschka, 1986;
Seed et al., 1988), complex and incompletely understood roles for FGF regulation of
skeletal muscle regeneration have been identified. Of the 18 paracrine FGFs, mRNA of
four are detected in MuSCs (FGF1, FGF2 and FGF4, and FGF6) that stimulate
expansion of cultured MuSCs (Hannon et al., 1996; Kastner et al., 2000; Sheehan and
Allen, 1999). Only FGF2 and FGF6 are found embedded within the extracellular matrix
and basal lamina of uninjured adult skeletal muscle tissue (J. DiMario et al., 1989) and
function in skeletal muscle regeneration. During muscle regeneration FGF2 and FGF6
increase (Anderson et al., 1995; Floss et al., 1997) and influences MuSC behavior by
acting through FGF receptors (FGFRs) expressed on MuSCs.

Among the four FGFRs, MuSCs predominately express FGFR1 and FGFR4, with

FGFR2 and FGFR3 expressed at low levels (Cornelison et al., 2001; Yablonka-Reuveni



et al., 2015). Each FGFR possesses an extracellular domain containing three
immunoglobulin-like domains, a trans-membrane domain, and an intracellular split
tyrosine kinase domain (Eswarakumar et al., 2005). FGF binding to an FGFR and
subsequent receptor activation to transduce intracellular signals in MuSCs, requires a
ternary interaction between an FGF, either heparan sulfate or Klotho and the
appropriate FGFR, which stabilizes the complex and promotes receptor activation by
autophosphorylation of the FGFR activation domain (Ornitz and Itoh, 2015). In addition
to heparan sulfate proteoglycans, integrins and Fibronectin modulate FGF signaling in
MuSCs (Lukjanenko et al., 2016; Rozo et al., 2016). Determining the relative
contribution of individual FGFRs to MuSC function, and how these change over time,
has proven difficult due to expression of multiple FGFRs that redundantly activate
multiple intracellular signaling pathways. Thus, it is not surprising that conditional
deletion of only one FGFR from MuSCs produces only subtle phenotypes (Weinstein et
al., 1998; Yablonka-Reuveni et al., 2015; Zhao et al., 2006). Elimination of FGFR
signaling either by adding an FGFR inhibitor (Bernet et al., 2014) or by expression of a
dominant negative FGFR mutant (Flanagan-Steet et al., 2000) promotes terminal
differentiation of MuSCs and reduces muscle mass, respectively. Thus, FGF signaling
appears to play a critical role in MuSC function but the contributions of the individual
FGFRs are not yet resolved.

A number of distinct intracellular signaling pathways are activated upon
engagement of an FGFR with an FGF, including p38a/B MAPK, ERK MAPK, PI3

kinase, Akt, activation of STAT, and stimulation of Phospholipase C gamma/Protein
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Kinase C signaling (Brewer et al., 2016; Ornitz and ltoh, 2015). FGFR activation of
p38a/B MAPK in MuSCs (Bernet et al., 2014; Jones et al., 2005) occurs via a yet
unidentified signaling pathway. Asymmetric activation of FGFR1 in MuSCs drives
asymmetric activation of p38a/p MAPK, which inhibits Tristetraprolin (TTP) in one
presumptive daughter cell, permitting MyoD induction, where the other daughter
reacquires quiescence, self-renewing the satellite stem cell (Hausburg et al., 2015; Troy
et al., 2012). Delineating the mechanisms involved in FGFR stimulation of asymmetric
p38a/B MAPK phosphorylation will provide an understanding of p38a/f MAPK functions
and the signals that regulate p38a/f MAPK subcellular localization. Further, how
FGFR1 signaling becomes asymmetrically localized in MuSCs, and the consequences

of asymmetric signaling, are open questions.

Muscle Stem Cell Differentiation and Fusion

MuSC self-renewal is critical for repopulating the MuSC pool for future rounds of
muscle regeneration, yet the vast majority of activated MuSCs (myoblasts) differentiate
and fuse together to rebuild myofibers (Figure 1.1). Rebuilding even a single new
myofiber is a heroic effort, requiring hundreds of proliferating myoblasts to exit the cell
cycle, undergo global transcriptional changes and then fuse together to create a
multinucleated cell. During regeneration, myoblasts fusion takes place within ghost
fibers, which are extracellular matrix remnants left after damaged myofibers are cleared
by phagocytic cells (Webster et al., 2016). Ghost fibers provide a scaffold to direct the

location and orientation of multinucleated cells as myoblasts differentiate and fuse. This
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highly complex process is unlike any other in the human body and requires the
coordination of many cell interactions for successful regeneration.

As proliferating myoblasts expand in a ghost fiber they must first differentiate
before fusion and muscle myofiber regeneration occurs. Myoblast differentiation is
driven by the Pax7-MyoD-Myogenin axis. These three transcription factors are
expressed in MuSCs at different stages after muscle injury and drive cell fates by
controlling global transcription profiles in cells. Pax7 is solely expressed in quiescent
MuSC while activated MuSCs and proliferating myoblasts express both Pax7 and
MyoD. To differentiate, proliferating myoblasts must withdraw from the cell cycle and
then down-regulate Pax7 expression and express myogenin (Olguin and Olwin, 2004).
Myogenin promotes this process by negatively regulating Pax7 expression to drive
myoblast differentiation (Olguin et al., 2007). Knocking out myogenin in mice causes a
buildup of undifferentiated myoblasts and poor myofiber formation (Hasty et al., 1993).
Myogenin drives the expression of mature myogenic transcripts like myosin heavy
chain, which is necessary to build sarcomeres, and myomaker, which is critical for
myoblast fusion (Ganassi et al., 2018; Hasty et al., 1993; Millay et al., 2013, 2014).
Thus, withdrawal from the cell cycle and myogenin expression are the markers of
myoblast terminal differentiation and immediately precede myoblast fusion.

Primary myoblast fusion involves the fusion of cell membranes from two
differentiated myoblasts to create a single, syncytial, multinucleated cell, called a
myotube (Abmayr and Pavlath, 2012). Secondary fusion occurs when a myoblast fuses

with an existing myotube, which results in the growth of the myotube (Hindi et al., 2013).
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A muscle-specific fusogenic protein, myomaker, discovered in 2013 (Millay et al., 2013),
is required for fusion and for skeletal muscle formation. A second fusion protein was
discovered in 2017 simultaneously by three groups and subsequently named three
different ways, myomixer, myomerger and minion (Bi et al., 2017; Quinn et al., 2017;
Zhang et al., 2017). How myomaker and myomixer-myomerger-minion function together
to coalesce two membranes is still debated but it is clear these proteins are critical for
fusion.

Fusion generates a multinucleated myotube, but this cell needs to increase in
size considerably to become a functional myofiber with hundreds of nuclei. Myofibers
grow in size by the fusion of additional myoblast, and without fusion, myofibers cannot
grow or hypertrophy (Goh and Millay, 2017). During the initial stages of fusion and
myotube growth, the myonuclei line up in the center of the cell. The reason for this
particular organization is still unknow. However, once this initial myotube is made,
subsequent fusion events occur on the periphery of the myofiber and the centrally-
located nuclei are pushed toward the periphery (Roman et al., 2017)(Pawlikowski et al.,
Submitted). Each fusion event provides new myonuclei which enhance transcription of
genes that encode contractile and mature muscle proteins. Fusion may also provide
factors that enhance myofiber growth such as ribosomes for protein translation,
mitochondria for energy and signaling molecules for hypertrophy (Goh and Millay,
2017). Together, these factors contribute to the assembly and growth of myofibers

during muscle regeneration.
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Myoblast differentiation and fusion represents a turning point in skeletal muscle
regeneration. During differentiation, the predominant cell type switches from a highly
proliferative myoblast to a terminally differentiated, multinucleated myotube. In the next
phase of regeneration, myotubes grow to become mature myofibers that contract and
generate force. In mice, these two phases occur simultaneously between days 5 and 28
post injury. Although this covers the largest percentage of time during the regeneration

process, our cellular and molecular understanding of this phase is weak.

Myotube Growth and Sarcomere Formation

As muscles grow, they must assemble an interdigitating network of proteins
called the sarcomere. Although sarcomeres are composed of hundreds of large
structural and regulatory proteins, the two primary structures are the thin filaments,
composed of actin, and the thick filaments, composed of myosin. The Z-line is the
anchoring point for thin filaments and is parallel to the M-line, which is the anchoring
point for the thick filaments (Figure 1.2). Sarcomeres contract when thick filament
myosin proteins bind to thin filament actins, and hydrolyze ATP to generate a power
stroke (Quiat et al., 2011; Spudich and Watt, 1971). The power stroke shortens the
distance between two Z-lines by sliding them towards the M-line, which shortens the
length of the sarcomere. Myofibril units are composed of hundreds of repeating
sarcomeres and the coordinated contractions of sarcomeres and myofibril units

generates force.
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Figure 1.2 — Basic components of the skeletal muscle sarcomere

Schematic of skeletal muscle sarcomere. The two primary structures of sarcomeres in skeletal muscle
are the thin filaments, composed of actin, and the thick filaments, composed of myosin. The Z-disk is
the anchoring point for thin filaments and is parallel to the M-line, which is the anchoring point for the
thick filaments. Spanning the distance between the Z-disk and the M-line is the giant structural protein,

Titin.
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Many structural and regulatory proteins in the sarcomere, such a myosin heavy
chain, troponin, and nebulin, are some of the largest proteins in the human body, and in
fact the sarcomeric protein, titin, is the largest. Although the components of sarcomeres
and how they generate force has been known for many years, it is still debated how
these proteins assemble to form the sarcomere during regeneration (Holtzer et al.,
1997; Rhee et al., 1994; Rui et al., 2010; Sparrow and Schéck, 2009). Electron
microscopy studies reveal the formation of small filamentous structures held together by
Z-line during early regeneration. These structures then develop into sarcomeres and
myofibril units as sarcomeric proteins are added. The cytoplasm of regenerating muscle
contains large numbers of ribosomes that translate the enormous sarcomeric proteins
needed to build these structures (Carlson, 1973). The mechanisms controlling how,
when and where sarcomeric proteins are being made and organized is both
controversial understudied.

The genes that encode proteins needed to regenerate sarcomeres after injury
are expressed as RNA in the nuclei of differentiated myoblasts and myotubes. These
RNAs are spliced and processed to make mRNA, which is then packaged and
transported into the cytoplasm where they are translated into proteins that assemble the
sarcomere. RNA-binding proteins help regulate the processing, packaging and transport
of RNA, but the role of RNA-binding proteins in regulating sarcomeric and myogenic
RNAs is lacking. Furthermore, many sarcomeric RNA transcripts are very long. The
average human mRNA is 3.3 kilobases (kb) long (Piovesan et al., 2016), the myosin
heavy chain 3 mRNA is twice the average length (Karsch-Mizrachi et al., 1989), while

other sarcomeric transcripts are far larger: nebulin (Lehtokari et al., 2006) and obscurin
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(Fukuzawa et al., 2005) transcripts are approximately 25kb and the massive titin mRNA
is more than 100 kb (Labeit et al., 2006). Many of these RNAs have multiple binding
sites for RNA-binding proteins, presumably to help regulate packaging and transport
(Vogler et al., 2018). The misregulation these large RNAs could cause the formation of
aberrant intermolecular RNA-RNA interactions, which are thought to be toxic to cells
and may drive degenerative diseases (Van Treeck and Parker, 2018). Therefore,
preventing RNA-RNA interactions in RNAs that encode sarcomere proteins may be

essential for sarcomere building and muscle regeneration (Vogler et al., 2018).

Completed Muscle Regeneration

The length of time to complete skeletal muscle regeneration depends largely on
the type and severity of muscle injury as well as the health of the injured organism. In
healthy mice, the process of regenerating muscle takes approximately 30 days after a
BaClz-induced injury (Hardy et al., 2016). By 30 days, the inflammatory cells return to
pre-injury levels (Tidball, 2017). The MuSCs return to pre-injury numbers and reenter
quiescence. Most myofibers have peripheral nuclei, are filled with sarcomeres and have
a similar size compared to before the injury. Most importantly, the strength and function
of the muscle returns to pre-injury levels (Sato et al., 2003). Complete recovery from
muscle injury also requires the growth of new blood vessels into the damaged tissue
and the reinnervation of new myofibers by motor neurons (Bodine-Fowler, 1994; Liu et
al., 2017c; Sanes et al., 1978). Together, these events culminate in a regenerated
skeletal muscle; however, if any stage of the aforementioned regeneration process is

disrupted or altered, muscle regeneration will fail to revitalize muscle function after an
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injury. Understanding and treating conditions that delay or impair muscle from fully

regenerating is a broad and active area of research.

Muscle regeneration in aging and disease

Impaired muscle regeneration occurs in many diseases and syndromes including
cachexia, muscular dystrophies, neuromuscular diseases and age-related muscle
degeneration (Bernet et al., 2014; Cosgrove et al., 2014; Dumont et al., 2015; He et al.,
2013; Sacco et al., 2010). Both cell intrinsic and extrinsic factors contribute to aged-
induced and disease-induced deficiencies (for reviews see: (Blau et al., 2015; Feige et
al., 2018; Hwang and Brack, 2018; Shi and Garry, 2006)). While many pathways that
affect muscle regeneration have been identified, there remains a paucity of effective
therapeutic interventions for impaired regeneration. As recently as 2015, Novartis
researchers identified skeletal muscle as the last undrugged organ system (Garber,
2016; Meriggioli and Roubenoff, 2015). Understanding how to manipulate the events of
muscle regeneration is critical for the development of beneficial skeletal muscle
therapies.

Skeletal muscle atrophy, reductions in regenerative capacity and increases in
adipose and fibrotic tissue are consequences aging (Blau et al., 2015; Brack et al.,
2007; Feige et al., 2018; Hwang and Brack, 2018). This age-related muscle
degeneration, also called sarcopenia, increases morbidity and mortality of older
individuals. The mechanisms driving sarcopenia are unclear but involve MuSC-extrinsic

changes in inflammation, growth factor regulation and fibrosis, which produce an
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environment refractive to muscle regeneration. Additionally, intrinsic changes in MuSC
signaling pathways can reduce MuSC numbers, blunting the regenerative response to
muscle injury. Cell-intrinsic and cell-extrinsic factors combine to drive sarcopenia. For
example, both MuSC-intrinsic and MuSC-extrinsic defects in FGF regulation have been
identified in aged mice muscle (Bernet et al., 2014; Chakkalakal et al., 2012).
Understanding the effects of targeting both cellular and environmental changes in aged
muscles are needed to develop effect therapies for sarcopenia.

Skeletal muscle diseases are a heterogenous group of over 50 conditions with
distinct pathophysiology. The two largest sub-categories of skeletal muscle diseases
are the dystrophies and the myopathies, which include one of the most common genetic
childhood diseases, Duchenne’s Muscular Dystrophy (DMD), and the most common
muscle disease of the elderly, inclusion body myopathy (IBM). A hallmark of both DMD
and IBM — as well as many other muscle diseases — is the presence of continuous
skeletal muscle regeneration (Sacco et al., 2010). In DMD, mutations in the dystrophin
gene produces a dysfunctional dystrophin protein, which reduces the integrity of
myofibers, leading to myofiber necrosis and continuous cycles of degeneration and
regeneration (Hoffman et al., 1987). Continuous regeneration leads to exhaustion of
MuSCs and of the regenerative capacity, which eventually leads to impaired muscle
function, loss of movement and death in patients (Birnkrant et al., 2018). In IBM, the
mechanism that causes degeneration is unknown but is thought to involve impairments
in protein homeostasis. A buildup of proteins in myofibers becomes toxic and the

myofibers undergo continuous degeneration and regeneration. Similar to DMD, the
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continuous regeneration in IBM eventually reduces muscle strength and confines
patients to wheelchairs. Genetic mouse models for both diseases exist and recapitulate
many aspects of the human conditions, which has increased our understanding of the
pathophysiology of these diseases tremendously (Custer et al., 2010; Grahame Bulfield
et al., 1984; Yucel et al., 2018). However, effective treatments for either condition

remain elusive.

Linking muscle regeneration physiology to pathophysiology

In the following chapters, | examined two separate mechanisms that help control
muscle regeneration; one in MuSCs and one in myofibers. In both cases | asked how
these mechanisms influence normal muscle regeneration and then applied that
knowledge to understand a degenerative condition. In Chapter 2, | examined how FGF
signaling controls MuSCs numbers during normal muscle regeneration. | then examine
how increasing FGF signaling in MuSCs in aged mice affects age-related muscle
degeneration. In Chapters 3 & 4, | examine how the RNA-binding proteins TDP-43 and
hnRNPA2B1 help regulate RNAs during muscle regeneration. These two RNA-binding
proteins are implicated or mutated in IBM and their role in normal regeneration suggests
how they contribute to disease. Together, this work underscores the importance of
studying the mechanisms of normal physiology to understand disease pathophysiology.
Future work will be aimed at pharmacologically or genetically manipulating

pathophysiology to restore normal physiology.
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Chapter 2:

Effects of FGFR1 signaling in MuSCs on muscle
regeneration
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Summary

Lifelong maintenance and function of skeletal muscle stem cells (MuSCs) is
regulated by the interaction of the MuSC and the components of the MuSC
environment, such as growth factors, immune cells, signaling receptors and the
extracellular matrix. Defects in how MuSC respond to the environment drives a loss in
MuSC numbers and regenerative capacity in aged muscle. Since MuSC from aged
muscle have an impaired response to fibroblast growth factor (FGF), which causes
precocious differentiation and subsequent loss of MuSC numbers, restoring FGF
signaling in MuSC represents a potential therapeutic approach to rescue the age-
related decline in MuSC numbers and function. Here, we show that constitutive FGF
receptor 1 signaling in MuSC during skeletal muscle regeneration increases MuSCs
numbers by promoting self-renewal and impairs regeneration by blocking differentiation.
We further demonstrate that constitutive FGF receptor 1 signaling in MuSC from aged
muscle increases MuSC numbers and restores skeletal muscle to a youthful state.
Thus, our data highlight the potential therapeutic benefit of activating FGF signaling in

MuSC in aged muscle to increase MuSC numbers and restore muscle function in aging.
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Introduction

Reduction of skeletal muscle mass, function, and regenerative capacity occurs
during normal aging, which can lead to an intractable muscle wasting condition called
sarcopenia in elderly individuals (Narici and Maffulli, 2010). The development of
sarcopenia results in frailty, decreased ambulation and increased morbidity (Beaudart et
al., 2014). The mechanisms that lead to sarcopenia include changes in skeletal muscle
metabolism, changes in protein homeostasis, compromised regeneration and a loss in
muscle stem cell (MuSC) numbers and function (Bernet et al., 2014; Chakkalakal et al.,
2012; Collins et al., 2007; Price et al., 2014; Shefer et al., 2006; Tierney et al., 2014).
MuSCs — a rare population of cells that reside between the myofiber plasma membrane
and the basal lamina — are critical to muscle regeneration as loss of MuSCs by genetic
ablation abrogates regeneration (Fry et al., 2014; Lepper et al., 2011; Murphy et al.,
2011; Piccirillo et al., 2014; Relaix et al., 2006; Sambasivan et al., 2011; Seale et al.,
2000). In aged skeletal muscle, there is a decline in MuSC numbers and function, which
impairs regeneration (Chakkalakal et al., 2012). The mechanisms that control the
decline in MuSC numbers and function are not well understood.

MuSCs activation, proliferation and differentiation are influenced by components
of the MuSC niche, such as growth factors, immune cells, signaling receptors and the
extracellular matrix (Bernet et al., 2014; He et al., 2013; Rozo et al., 2016; Sacco et al.,
2010; Yin et al., 2013). Age-related changes to the MuSC niche compromises MuSC
function. For example, loss of fibronectin and B1-integrin during aging drives a loss of

MuSC homeostasis by impairing the interaction between the MuSC and the MuSC
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niche (Lukjanenko et al., 2016; Rozo et al., 2016). Although exposing aged muscle to a
young environment improves regeneration (Conboy et al., 2003, 2005),
transplantation of MuSC from aged muscle into a young environment does not fully
rescue MuSC function. Cell-intrinsic defect in the response to fibroblast growth factor
ligands were discovered in MuSCs from aged muscle (Bernet et al., 2014). Changes in
niche factors such as B1-integrin, which cooperates with FGF ligands, may drive loss of
FGF2 responsiveness in MuSCs as muscles age (Rozo et al., 2016).

The loss of FGF2 responsiveness in MuSCs as muscles age (Bernet et al., 2014;
Shefer et al., 2006; Yablonka-Reuveni et al., 1999), correlates with reduced self-
renewal and a concomitant increase in MuSC differentiation (Bernet et al., 2014;
Chakkalakal et al., 2012). In aged mice FGF2 production by skeletal muscle myofibers
is elevated, perhaps compensating for reduced FGF2 responsiveness of MuSCs
observed in vivo (Chakkalakal et al., 2012; Li et al., 2015) and in vitro (Bernet et al.,
2014; Shefer et al., 2006; Yablonka-Reuveni et al., 1999). Elevated p38a/ MAPK
signaling accompanies the loss of FGF responsiveness in MuSCs from aged mice,
which promotes terminal differentiation and reduces self-renewal by increasing MyoD in
both daughter cells (Bernet et al., 2014; Cosgrove et al., 2014). Reducing MuSC self-
renewal and promoting terminal differentiation of both daughter cells may drive the
gradual loss in MuSC numbers in aged mice.

Ectopic activation of FGFR1 partially rescues self-renewal in MuSCs from aged
mice and is accompanied by asymmetric localization of phospho-p38a/f MAPK (Bernet

et al., 2014). The asymmetric localization of phospho-p38a/B MAPK appears to be
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driven by the asymmetric localization of FGFR1. The loss of FGFR1 asymmetric
localization in MuSC from aged mice may be due to a breakdown in the interaction
between the MuSC and the MuSC niche. The altered activity of the niche molecule, B1-
integrin, reduces FGF2 sensitivity of MuSCs from aged mice and reduces MuSC self-
renewal (Rozo et al., 2016). MuSCs from aged mice and (1-integrin conditional mutant
mice have similar phenotypes where precocious MuSC differentiation is accompanied
by decreased proliferation, and impaired self-renewal (Bernet et al., 2014; Rozo et al.,
2016). Treating MuSCs from aged mice with a B1—integrin activating antibody enhances
proliferation, while reducing differentiation and activating FGFR1 promotes asymmetric
localization of phospho-p38a/f MAPK (Bernet et al., 2014). Together, this suggests
rescuing FGF signaling in MuSCs is an attractive therapeutic approach to improve
muscle regeneration in aged muscle.

Although much is understood about FGFR signaling in MuSC, it is still unknown
what effect in vivo activation of FGFR signaling will have on MuSCs numbers in young
and aged mice. To activate FGFR signaling, MuSCs predominately signal through
FGFR1 and FGFR4, with FGFR2 and FGFR3 expressed at low levels (Cornelison et al.,
2001). However, the downstream activation of FGFR signaling by FGFR4 is reduced
compared to FGFR1 (Kwiatkowski et al., 2008; Wang et al., 1994). Therefore, we
examined the in vivo effects of FGFR1 activation in MuSC from young mice and then

attempted to rescue the FGF signaling defects of MuSC in aged mice.
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Results

Constitutive FGFR1 signaling expands cultured MuSCs

To test whether ectopic activation of FGFR1 in MuSCs will increase MuSC
numbers and alter muscle regeneration we bred mice for temporal and spatial control of
a constitutively active FGFR1 (caFGFR1) (Cilvik et al., 2013) (Figure 2.1a). A transgenic
mouse expressing caFGFR1, a chimeric receptor consisting of the FGFR3c(R248C)
mutant extracellular and transmembrane domains (Naski et al., 1996) fused to the
intracellular FGFR1 tyrosine kinase domain, driven by a tetracycline operator sequence,
was bred to Lox Stop Lox rtTA mice and Pax7C¢¢ERT2 mice. In mice with all three alleles,
tamoxifen injection recombines the ROSA26 locus only in MuSCs resulting in MuSC-
specific rtTA expression. Treatment of mice with doxycycline allows rtTA binding to the
tetracycline response element (TRE) and subsequent expression of caFGFR1 only in
MuSCs (Figure 2.1a). Detection of caFGFR1 expression in MuSCs by gPCR shows
doxycycline addition in mouse chow induces expression of caFGFR1 (Figure 2.1b).
Upon doxycycline removal caFGFR1 expression is lost (Figure 2.1b). Using an antibody
that recognizes the myc-tag fused to the C-terminal end of caFGFR1, we find caFGFR1
protein is present in doxycycline treated Pax7+ MuSCs but not MuSCs treated with a
DMSO control (Figure 2.1c). Thus, by treating MuSC or mice with doxycycline, we have
temporal control of a constitutively active FGFR1 in MuSC.

If FGFR1 signaling permits MuSC proliferation, then caFGFR1 expression in

MuSC should maintain the proliferative state of MuSCs. In cultured MuSCs, addition of
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Figure 2.1 — Ectopic activation of caFGFR1 in MuSCs from young mice
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(a) Schematic of a transgenic mouse containing a constitutively active FGFR1 (caFGFR1) transgene.
caFGFR1 is a chimeric receptor consisting of the FGFR3c(R248C) mutant extracellular and
transmembrane domains fused to the intracellular FGFR1 tyrosine kinase domain, driven by a
tetracycline operator sequence. (b) Mice treated with tamoxifen (Tmx) for 5 days were either switched
to Doxycycline (Dox) chow or maintained on regular chow for 7 days. MuSCs were isolated and
cultured for 72hr with or without in the absence of FGF2. mRNA was isolated and amplified for
caFGFR1. (c) Representitive images of cultured MuSCs from (b) were stained for caFGFR1 (using
the myc-tag), and Pax7. Nuclei were counterstained with DAPI. n = 3 mice per condition.
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exogenous FGF-2 is used to activate FGFR1 signaling and permits proliferation by
preventing terminal differentiation, which increases MuSCs numbers in culture (Bernet
et al., 2014; Yin et al., 2013). Therefore, we expressed caFGFR1 in isolated MuSCs
and assayed for cell cycle progression by pulsing with EAU. MuSCs given exogenous
FGF-2 incorporated EdU in approximately 70% of MuSCs, regardless of caFGFR1
expression (Figure 2.2a-b). Without exogenous FGF-2, MuSCs expressing caFGFR1
incorporated EdU in 50% of the cells, which was significantly less than with FGF-2,
suggesting FGF-2 is a more potent signal for cell-cycle progression than caFGFR1.
However, MuSCs without caFGFR1 expression and without FGF-2 incorporated EdU in
only 25% of the cells (Figure 2.2a-b). Thus, expression of caFGFR1 significantly

increases actively cycling MuSC numbers in culture (Figure 2.2a-b).

Constitutive FGFR1 signaling acts on activated MuSCs from young mice

Since caFGFR1 expression increased the number of actively cycling MuSC in
culture, we asked if caFGFR1 expression would increase MuSCs numbers in vivo. We
thus examined the effect of caFGFR1 expression on MuSC numbers in uninjured
skeletal muscle from 4-6-month-old mice. We found no significant difference in MuSC
numbers between MuSCs expressing caFGFR1 for 10 days and MuSCs not expressing
caFGFR1 (Figure 2.3a-b). Additionally, caFGFR1 expression for 90 days, or pulsed on
and off for three, two-week intervals, revealed no significant changes to MuSC numbers
compared to control mice (Figure 2.3c-d). However, in uninjured adult skeletal muscle,

most MuSCs are quiescent and therefore not actively cycling like MuSCs in culture. In
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Figure 2.2 — caFGFR1 expands MuSCs and blocks differentiation in vitro

(a) Representative images of MuSCs isolated from a caFGFR1- and a caFGFR1+ mice. MuSC were
cultured with or without FGF2 in the presence of Dox for 72hrs. MuSCs were pulsed with 10puM EdU for
two hours before fixation. MuSCs were stained for EdU, Pax7 and caFGFR1 (using the Myc-Tag). n =3
mice per condition. Nuclei counterstained with DAPI. (b) Quantification of experiment described in (a);
n=3 per condition; >100 cells quantified per n; **=p-value < 0.01; *=p-value < 0.05
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these quiescent MuSCs, FGFR1 appears unable to activate MuSCs, which is consistent
with evidence that FGF-signaling does not act as a mitogenic signal in MuSCs (Clegg et
al., 1987; Yablonka-Reuveni et al., 2015).

Although FGFR1 signaling does not activate quiescent MuSCs in an uninjured,
young adult mouse, FGFR1 signaling may influence the behavior of activated MuSCs in
vivo. To test the effect of constitutive FGFR1 signaling on activated MuSCs in vivo, we
injured the tibialis anterior (TA) muscle of 4-6-month-old young mice expressing
caFGFR1 and examined the number of Pax7+ MuSCs. Seven days post BaClz-induced
muscle injury MuSC numbers were significantly increased in mice that expressed
caFGFR1 compared to controls (Figure 2.4a-b). At 30 days post injury, MuSC numbers
were not significantly different between mice expressing caFGFR1 and controls (Figure
2.5d). Thus, ectopic caFGFR1 expression increases the number of MuSCs specifically
during the first week of regeneration after an BaClz-induced muscle injury.

During the regeneration of skeletal muscle, MuSCs must maintain a balance
between two pools of cells: (1) self-renewing MuSCs that will make more stem cells and
(2) differentiating myoblasts that will rebuild the myofibers. Increasing MuSCs numbers
after injury, through caFGFR1 expression, could thus impair muscle regeneration by
decreasing myoblasts capable of differentiating and rebuilding myofibers. To test this
possibility, we examined the myofiber size distribution in regenerating skeletal muscle of
caFGFR1-expressing mice. At seven days post BaClz-induced muscle injury, the mice

expressing caFGFR1 in MuSCs had smaller myofiber Feret diameters (Figure 2.4c).
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Figure 2.3 — caFGFR expression in MuSCs from uninjured young mice does not
increase MuSC numbers in vivo

(a) Representative images of the tibialis anterior (TA) muscles of caFGFR1- and caFGFR1+ mice
induced with tmx for 5 days and treaded with Dox chow for 10 days. Immunoreactivity for laminin and
Pax7 was assessed. Nuclei were counterstained with DAPI. (b) Quantification of Pax7+ MuSC in (a)
(c) Quantification of Pax7+ MuSCs per mm? from TA muscles of caFGFR1- and caFGFR1+ mice
induced with tmx for 5 days and treaded with Dox chow for 90 days. Nuclei were counterstained with
DAPI. (d) Quantification of Pax7+ MuSCs per mm2 from TA muscles of caFGFR1- and caFGFR1+
mice induced with tmx for 5 days and treaded with three, 2 week pulses of Dox treatments. Nuclei were
counterstained with DAPI. For b-d, n.s. = not significant; p-value > 0.05. n = 3 mice per condition;
>250 Pax7+ cells counted per condition.
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Figure 2.4 — caFGFR1 expression in MuSC impairs regeneration in young mice

(a) Representative images of the TA muscles of caFGFR1- and caFGFR1+ mice injured with BaCl,,
and allowed to regenerate for 7 days. Sections were immunostained for laminin (red) and Pax7
(magenta). Nuclei were counterstained for DAPI. (b) Quantification of MuSCs per mm?2 from tissue in
(a). n=4; * = P-value < 0.05 in two-tailed paired t-test. (¢) Myofibers from (a) quantified for minimum
Feret’s Diameter; >500 myofibers per condition; n = 3 mice per condition. (d) Representative images of
the TA muscles of caFGFR1- and caFGFR1+ mice injured with BaCl,, and allowed to regenerate for 7
days. Sections were immunostained for laminin (red) and embryonic myosin heavy chain
(eMHC)(white). Nuclei were counterstained for DAPI.
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Figure 2.5 — caFGFR1 expression in MuSC delays muscle regeneration in young
mice

(a-c) TA muscles of caFGFR1- and caFGFR1+ mice were injured with BaCl,, and allowed to
regenerate for (a) 14 days (b) 21 days and (c) 28 days. Sections were fixed and immunostained for
laminin. Myofibers were quantified for minimum Feret’s Diameter; >500 myofibers per condition; n = 1
for a & b; n = 3 mice per condition for c. (d) Quantification of Pax7+ MuSCs per mm?2 from tissue in (c).
n = 3 mice per condition. n.s = not significant p-value = >0.05.
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Embryonic myosin heavy chain (eMHC) expression — a marker for early muscle
regeneration that decreases at 5 days post-injury in control muscle — was increased in
mice expressing caFGFR1 in MuSCs at seven days post-injury (Figure 2.4d). Thus,
muscle regeneration in mice expressing caFGFR1 in MuSCs was significantly delayed
compared to controls. Delayed muscle regeneration persisted in mice expressing
caFGFR1 in MuSCs compared to controls, as myofiber diameters were smaller at 14,
21 and 28 days post-injury (Figure 2.5a-c). Therefore, expression of caFGFR1 in
MuSCs increases MuSC numbers during regeneration by impairing MuSC
differentiation potential in young muscle (Clegg et al., 1987; Yablonka-Reuveni et al.,

2015).

Constitutive FGFR1 signaling drives asymmetric expansion in MuSCs from young
mice

Ectopic FGFR1 signaling in cultured MuSCs from aged mice partially rescues
self-renewal by driving asymmetric localization of phospho-p38a/B MAPK (Bernet et al.,
2014). However, it is unknown if caFGFR1 expression in MuSC from young muscle will
drive asymmetric FGFR1 signaling. In isolated MuSCs we observed asymmetric
localization of the caFGFR1 protein (Figure 2.6a). Additionally, phosphorylated FGFR1
was asymmetric and colocalized with caFGFR1 protein in cells expressing caFGFR1,

but in MuSCs without caFGFR1 the phosphorylated FGFR1 is not asymmetric (Figure
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Figure 2.6 — caFGFR1 expression promotes MuSC asymmetry and drives continued
expansion of MuSC in vivo

(a) Representative images of EDL-associated MuSC from caFGFR1- and caFGFR1+ mice fed Dox
chow for 10d. EDL muscles were removed, myofibers isolated and cultured with Dox for 72h without
FGF2. MuSCs were immunostained for Pax7, Syndecan4 and caFGFR1 (myc-tag). Nuclei were
counterstained with DAPI. (b) Representative images cultured MuSC from caFGFR1- and caFGFR1+
mice fed Dox chow for 10d. MuSCs were cultured with Dox for 72h without FGF2. MuSCs were
immunostained for Syndecan4, caFGFR1 (myc-tag) and phosphoFGFR1. Nuclei were counterstained
with DAPI. (¢) Schematic EdU pulse assay. caFGFR1- and caFGFR1+ mice were induced with Tmx
for 5 days then placed on Dox chow. Mice were then injured with BaCl,, pulsed with EdU from 5-7 days
post injuy. EDL myofibers were collected 14 DPI. (d) Quantification of Pax7+; EdU+ MuSCs on
myofibers from (c). n = 2 mice per condition.



2.6b). This suggests that caFGFR1 expression drives asymmetric localization of FGFR1
signaling in MuSCs and may influence asymmetric cell divisions in young mice.
Asymmetric cell divisions are thought to produce two distinct daughter cells after
a muscle injury, a quiescent MuSCs and a myoblast. It is hypothesized that the
daughter cell lacking the FGFR1 signaling self-renews and becomes quiescent while
the cell with FGFR1 signal continues to expand. If caFGFR1 is expressed in both
daughter cells, there may be a decrease in quiescent MuSC number with a concomitant
increase in dividing Pax7+ myoblasts. To test this, we examined the timing of self-
renewal in caFGFR1-expressing and control MuSCs. In control mice not expressing
caFGFR1, 39% of quiescent MuSC were established between five and seven days
post-injury, which is consistent with previous reports (Pawlikowski et al., Submitted).
However, constitutive FGFR1 signaling reduced the number of quiescent MuSCs
generated during five and seven days post injury to 27% (Figure 2.6c-d). Thus,
caFGFR1 expression drives the continued expansion of Pax7+ myoblasts in vivo, which

reduces the number of quiescent MuSCs and delays differentiation in young muscle.

Constitutive FGFR1 MuSC signaling restores old muscle

Responsiveness to FGF signaling is blunted in MuSCs from aged muscle which
impairs asymmetric divisions and can lead to a decrease in MuSC numbers. Restoring
FGFR1 signaling in cultured MuSCs from aged muscle rescues impaired asymmetric
divisions (Bernet et al., 2014). To test if rescuing FGFR1 signaling in MuSCs from aged

mice will affect MuSC numbers in vivo, we aged mice with or without the caFGFR1
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transgene for 24 months (Figure 2.7a). We then gave 24-month-old mice tamoxifen
chow for seven days and then fed them doxycycline chow for one month (Figure 2.7b).
Twenty-four-month-old mice that express caFGFR1 had significantly more MuSCs in
the TA muscle compared to control mice without caFGFR1 expression in MuSCs
(Figure 2.7c-d). In mice without caFGFR1 expression in MuSCs there was a decrease
in MuSC numbers compared to young controls (Figure 2.3b; 2.7d) whereas there was
no difference in MuSC numbers in young and old mice expressing caFGFR1 in MuSCs
(Figure 2.3b; 2.7d). These data suggest that rescuing defective FGFR1 signaling in
MuSC from aged mice can increase MuSC numbers.

While examining MuSC numbers in the TA muscle from aged mice, we noticed
the size of the uninjured TA muscles were larger in caFGFR1 expressing mice than in
controls (Figure 2.8a). The average TA wet weights caFGFR1 expressing mice was
44.7mg compared to 39.8mg in controls (Figure 2.8b). The myofiber diameters were
larger in caFGFR1 expressing mice compared to controls (Figure 2.8c). This
unexpected phenotype led us to examine if the skeletal muscle of old mice expressing
caFGFR1 in MuSCs was functionally different than controls. The maximal force capacity
of the gastrocnemius muscle in 24-month-old mice was equivalent between animals
(Data not shown). However, fatigue resistance was much lower in the EDL muscles
from 24-month-old mice expressing caFGFR1 in MuSCs (Figure 2.9a-b). Young mice
have a fatigue resistance equivalent to 24-month-old mice expressing caFGFR1;
however, fatigue resistance was much greater in 24-month-old mice without caFGFR1

(Figure 2.9a-b). Fatigue resistance can be altered through changes in myofiber types.
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Survival in caFGFR1 Transgene Colony
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Figure 2.7 — MuSC-specific expression of caFGFR1 in aged muscle increase MuSC
numbers

(a) Kaplan-Meier survival curve of uninduced caFGFR1+ and caFGFR1- mice shows no significant
difference in survival as mice age. (b-c) Two year old (2yo) mice were given tamoxifen chow for 7 days
and Doxycycline chow for one month. Tibialis anterior muscles were collected and immunostained for
laminin and Pax7. Nuclei were counterstained with DAPI. (d) Quantification of Pax7+ MuSC per mm?
in TA muscles from (c). n = 3 mice per condition; * = p-value < 0.05
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Figure 2.8 — MuSC-specific expression of caFGFR1 in aged muscle increases
myofiber size

(a) Two year old (2yo) mice were given tamoxifen chow for 7 days and Doxycycline chow for one
month. Tibialis anterior muscles were collected and immunostained for laminin (b) Quantification of wet
TA muscle weights from (a). n.s = not significant p-value = >0.05. (¢) Minimum Feret Diameter
determined by laminin immunoreactivity of 2yo mouse tissue. n = 3 mice per condition.
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2yo caFGFR1- EDL force traces for 250Hz
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Figure 2.9 — MuSC-specific expression of caFGFR1 restores aged muscle to
youthful state

(a-b) Two year old (2yo) mice were given tamoxifen chow for 7 days and Doxycycline chow for one
month. EDL muscles were isolated and then repeatedly stimulated with 250Hz every 30 minutes to
measure force contraction over time. Blue lines represent early stimulation and red lines represent late
stimulations. n = 1 mouse per condition.
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For example, a muscle with higher percentage of slow-twitch (Type 1) myofibers will be
more resistant to fatigue than a muscle with a higher percentage of fast twitch (Type Il)
myofibers. As muscles age, there is a switch from type Il to type | myofibers (Akasaki et
al., 2014). Together, these results suggest that expression of caFGFR1 in MuSCs from

aged mice can increase MuSC numbers and restore muscle function to a youthful state.

Discussion

Skeletal muscle function and mass decline with age and can lead to increased
morbidity and mortality (Landi et al., 2013). While the mechanisms for age-related
muscle loss are multifactorial, reduction in the regenerative capacity of muscle is a clear
contributor (Brooks and Faulkner, 1990; Day et al., 2010). Previous work has
demonstrated that altered FGF signaling in MuSCs from aged muscle may drive the
depletion of MuSCs in aged muscle, and thus, reduce the regenerative capacity of aged
muscle (Bernet et al., 2014; Chakkalakal et al., 2012; Rozo et al., 2016). The present
study aimed to manipulate FGFR1 signaling in MuSC from young and aged mice to
understand the in vivo effects of FGFR1 signaling in regenerating and aged muscle. We
show that increasing FGFR1 signaling in MuSCs has distinct effects on MuSC numbers
in young and aged muscle. In MuSCs from young uninjured muscle, increasing FGFR1
signaling has no effect on MuSC numbers. However, in young, regenerating skeletal

muscle, constitutive FGFR1 signaling increases MuSC numbers. In contrast, in MuSCs
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from aged uninjured skeletal muscle, constitutive FGFR1 signaling increases MuSCs

numbers.

FGFR1 signaling as an in vivo repressor of differentiation

A possible mechanism to regulate MuSC numbers during muscle regeneration is
through an asymmetric division where one daughter cell becomes a MuSC and the
other become a myoblast that can differentiate to rebuild muscle. We propose a model
where continuous FGFR1 signaling in activated MuSCs in culture and in vivo causes
cells to remain in a proliferative state by repressing differentiation (Figure 2.10). In
young regenerating muscle — a state where almost all MuSCs are activated —
repressing MuSC differentiation through caFGFR1 expression increases the number of
Pax7+ cells. This has two significant effects muscle regeneration: (1) it decreases the
number of myoblasts capable of differentiation, which delays skeletal muscle
regeneration and (2) it decreases the number of quiescent MuSCs generated during
early muscle regeneration. Therefore, tuning FGFR signaling is a mechanism to
regulate MuSC numbers after a skeletal muscle injury. In young, regenerating skeletal
muscle, activation of FGFR1 signaling likely occurs immediately following injury when
FGF ligands are released from the extracellular space and from surrounding cell
populations (Garrett and Anderson, 1995; Rao et al., 2013). In this environment, as
MuSCs divide, FGFR1 signaling is activated in both daughter cells, which drives
exponential cell proliferation. As the muscle repairs and the local concentration of FGF

is reduced, Pax7+ cells begin to undergo self-renewal divisions, where one daughter
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Figure 2.10 — Model for in vivo expansion of MuSCs driven by asymmetric FGFR1
signaling.

In activated MuSC, FGFR1 becomes asymmetrically localized. Along with FGFR1, a cadre of co-
receptors and signaling molecules becomes asymmetrically localized in activated MuSCs. As the
MuSC divides, FGFR1 signaling is concentrated in the daughter cell destined to remain a myoblast
while the cell without FGFR1 signaling becomes a quiescent MuSC as it homes to the niche. The
myoblast with active FGFR1 signaling will continue to divide asymmetrically until the signal to
terminally differentiate overrides FGFR1 signaling. In young caFGFR1 mice, the continuous FGFR1
signaling drives MuSC expansion at the expense of differentiation, which impairs muscle regeneration.
The caFGFR1 signaling in aged mice rescues precocious differentiation of MuSC by increasing
FGFR1 signaling. This increases MuSC numbers and unexpectedly, restores skeletal muscle to a
youthful state.
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cell becomes quiescent. Negative regulation of the FGFR signaling pathway — for
example, though Sprouty-1 — could also provide cell-intrinsic mechanisms to promote
the return to quiescence during regeneration (Chakkalakal et al., 2012).

FGFR1 signaling in MuSCs: aged vs young muscle

In young, uninjured skeletal muscle, caFGFR1 expression in MuSCs had no
effect on cell numbers, which is consistent with evidence that FGF-signaling does not
act as a mitogenic signal in MuSCs but rather permits MuSC proliferation by repressing
myogenesis (Clegg et al., 1987; Kudla et al., 1998; Yablonka-Reuveni et al., 2015). Yet
in uninjured, aged mice MuSC numbers increased with caF GFR1expression. This age-
related sensitivity to FGFR1 signaling is likely due to the activation state of MuSCs in
the aged environment (Bernet et al., 2014; Chakkalakal et al., 2012)(Pawlikowski et al.,
Submitted). MuSCs in uninjured, aged muscle cycle more frequently during
homeostasis than MuSCs from uninjured young muscle (Chakkalakal et al., 2012) and
are transcriptionally similar to MuSCs from a young mouse seven days after an injury
(Pawlikowski et al., Submitted). MuSCs from aged muscles are in an activated state,
similar to MuSCs from a young regenerating muscle and thus, respond to FGFR1
signaling by maintaining the proliferation Pax7+ MuSCs.

But why does increasing FGFR1 signaling in MuSCs from aged muscle increase
their numbers? Previous evidence suggests ectopic FGFR1 signaling in MuSCs from
aged muscle increases the fraction of asymmetric cell divisions (Bernet et al 2014).
Here we show that within activated MuSCs the localization of caFGFR1 protein and

subsequent FGFR1 signaling becomes asymmetrically localized, which drives
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continued expansion of MuSC in culture and in vivo. Continued FGFR1-medicated
asymmetric cell division is thus a permissive signal for MuSCs to remain in the cell
cycle, whereas loss of FGFR1 signal increases the likelihood of MuSCs to terminally
differentiate. MuSCs from aged muscle are activated but have impaired FGFR1
signaling (Bernet et al., 2014; Chakkalakal et al., 2012)(Pawlikowski et al., Submitted),
which drives precocious differentiation. Restored FGFR1 signaling in aged animals, via
caFGFR1, prevents terminal differentiation by providing a permissive signal for MuSC to
remain in the cell cycle. Thus, the increase in MuSC numbers in aged mice expressing
caFGFR1 likely acts by promoting asymmetric cell division cycles and blocking terminal

differentiation.

FGFR1 signaling in MuSCs alters old muscle tissue

A surprising aspect of this work is that the MuSC-specific expression of caFGFR
functionally changed aged skeletal muscle tissue. By increasing MuSC numbers in old
muscle, through caFGFR1 expression, aged muscle became larger and was less
resistant to fatigue than aged controls. These changes make the aged muscle resemble
muscle from a younger mouse (Miljkovic et al., 2015), suggesting caFGFR1 expression
in MuSCs can restore youthfulness to aged muscle. How caFGFR1 expression only in
MuSCs regulates the restoration of aged skeletal muscle tissue is unknown. It is
possible that rescuing MuSC numbers has a positive effect on myofibers through an
unknown paracrine signal. However, to date no secreted paracrine factor from MuSCs

is known to alter myofiber types. Alternatively, MuSCs that express caFGFR1 could
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fuse into aged myofibers promote gene expression or signaling pathways towards a
more youthful state. Together, this could change the type of myosin genes expressed,
which could alter the fiber type from slow-twitch (common in aged muscle) to fast-twitch
(common in young muscle) (Miljkovic et al., 2015). Thus, manipulating FGFR1 signaling
to increase MuSC numbers and change aged muscle function opens a potentially new

avenue of therapeutic intervention for sarcopenia.

Methods

=
(@)
D

Mice were bred and housed according to National Institutes of Health (NIH)
guidelines for the ethical treatment of animals in a pathogen-free facility at the
University of Colorado at Boulder (Wild-type, Pax7iesCre, ROSA26-SLTA and caFGFR1
transgenic lines). The University of Colorado Institutional Animal Care and Use
Committee (IACUC) approved all animal protocols and procedures. Wild-type mice were
C57BI/6 (Jackson Labs, ME, USA) and Pax7iesCre mice (Murphy et al., 2011) and
caFGFR1 transgenic mice (Cilvik et al., 2013) were previously described. Crossing mice
generated conditional Pax7iesCre; ROSA26-SL1TA; caFGFR1 mice. For experiments on
young mice, cells and tibialis anterior (TA) muscles were isolated from 3-6-month-old
male and female Pax7iesCre; ROSA26SLTA; caFGFR1 mice. For experiments on aged

mice, TA muscles were isolated from 24-month-old male and female Pax7iresCre;
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ROSA26SL1TA: caFGFR1 mice. Control mice were age and sex matched from the mice

and crosses described above.

Mouse injuries and tamoxifen injections

Mice at 3-6 months old were anesthetized with isofluorane and the left TA muscle
was injected with 50uL of 1.2% BaClz and then the injured and contralateral TA muscles
were harvested at the indicated time points. Intraperitoneal (IP) administration of
tamoxifen (Sigma), re-suspended in sterile corn oil (Sigma), was given to 3-6-month-old
mice at a volume of 0.075mg of tamoxifen per gram of mouse weight. In 24-month-old
mice IP tamoxifen was given for the three days and then mice were switched to

tamoxifen chow.

Isolation and immunofluorescence of primary muscle stem cells

Gastrocnemius, extensor digitorum longus (EDL), TA and all other lower hindlimb
muscles were dissected from experimental and control mice. The muscle groups from
both hind limbs were minced with dissection scissors, separated and digested in 9mL of
F12-C (Gibco) with penicillin/streptavidin (Gibco) and 1000uL 10X collagenase
(Worthington) for 60 minutes at 37°C with shaking every 10 minutes. Equal parts F12-C
with penicillin/streptavidin and 15% horse serum (growth media) was added to the
digest. Cells in the digest were filtered through 100um, 70pm and 40um filters. The cells
was centrifuged at 1500rpm and the pellet was resuspended in 20mL growth media.

The cells were plated onto two (Corning) 10cm tissue culture plate with Matrigel in
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10mL of growth media. Cells were incubated in growth media with FGF-2 (50nM
working concentration) for 72 hours at 37°C in 6% Oz, 5% CO:.. If cells were not lysed
for RNA and protein collection cells were fixed for immunofluorescence.

For immunostaining, cells were fixed with 4% paraformaldehyde for 10 minutes
at room temperature. Cells were then permeabilized with 0.25% Triton-X100 (Sigma) in
PBS containing 2% bovine serum albumin (Sigma) for 60 min at RT. Incubation with
primary antibody occurred at 4°C overnight followed by incubation with secondary
antibody at room temperature (RT) for 1hr. Primary antibodies included mouse anti-
Pax7 (Developmental Studies Hybridoma Bank, University of lowa, USA) at 1:750,
rabbit anti-myc-tag (CellSignaling) at 1:400, chicken anti-syndecan4 (Developmental
Studies Hybridoma Bank, University of lowa, USA) at 1:1000 and a mouse anti-
phosphoFGFR1 (CellSignaling) at 1:100. Alexa secondary antibodies (Molecular
Probes) were used at a 1:1000 dilution. For analysis that included EdU detection, EAU
staining was completed prior to antibody staining using the Click-iT EdU Alexa fluor 488
detection kit (Molecular Probes) following manufacturer protocols. Cells were incubated
with 1 ug/mL DAPI for 10 min at room temperature then mounted in Mowiol
supplemented with DABCO (Sigma-Aldrich) or ProLong Gold (Thermo) as an anti-fade

agent.

Isolation and immunofluorescence of primary myofibers

Individual extensor digitorum longus myofibers were isolated cultured and

immunostained according to (Vogler et al., 2016). Briefly, hindlimbs were dissected,
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connective tissue removed, and muscle groups separated followed by enzymatic
digestion in 400-U/mL collagenase at 37 °C for 1.5 h. Collagenase was inactivated by
the addition of Ham’s F-12C supplemented with 15 % horse serum. Individual extensor
digitorum longus myofibers were gently isolated by trituration and either immediately
fixed in 4 % paraformaldehyde for 10 minutes or maintained in Ham’s F-12C
supplemented with 15 % horse serum and 50nM FGF-2 at 6 % Oz prior to fixation and
immunostaining. Immunostaining was performed using transfer baskets described in
Vogler et al., 2016 and used solutions and antibodies identical to primary muscle stem

cell immunofluorescence.

Immunofluorescence staining of tissue sections

TA or gastrocnemius muscles were dissected, fixed on ice for 2hrs with 4%
paraformaldehyde, and then transferred to PBS with 30% sucrose at 4°C overnight.
Muscle was mounted in O.C.T. (Tissue-Tek®) and cryo-sectioning was performed on a
Leica cryostat to generate 10um thick sections. Tissues and sections were stored at -
80°C until staining. Tissue sections were post-fixed in 4% paraformaldehyde for 10
minutes at room temperature (RT) and washed three times for 5 min in PBS.
Immunostaining with anti-Pax7, anti-Laminin and anti-eMHC antibodies required heat-
induced epitope retrieval where post-fixed slides were placed in citrate buffer, pH 6.0,
and subjected to 6 min of high pressure-cooking in a Cuisinart model CPC-600 pressure
cooker. Immunostaining with anti-myc-tag did not require heat-induced epitope retrieval.

For immunostaining, tissue sections were permeabilized with 0.25% Triton-X100
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(Sigma) in PBS containing 2% bovine serum albumin (Sigma) for 60 min at RT.
Incubation with primary antibody occurred at 4°C overnight followed by incubation with
secondary antibody at room temperature (RT) for 1hr. Primary antibodies included
mouse anti-Pax7 (Developmental Studies Hybridoma Bank, University of lowa, USA) at
1:750, rabbit anti-laminin (Sigma-Aldrich) at 1:200, rabbit anti-myc-tag (CellSignaling) at
1:200 and a mouse anti-eMHC (Developmental Studies Hybridoma Bank, University of
lowa, USA) at 1:5. Alexa secondary antibodies (Molecular Probes) were used at a
1:1000 dilution. For analysis that included EdU detection, EdU staining was completed
prior to antibody staining using the Click-iT EdU Alexa fluor 488 detection kit (Molecular
Probes) following manufacturer protocols. Sections were incubated with 1 ug/mL DAPI
for 10 min at room temperature then mounted in Mowiol supplemented with DABCO

(Sigma-Aldrich) or ProLong Gold (Thermo) as an anti-fade agent.

Cell culture.

Primary Muscle Stem Cells: After initial isolation, primary myoblasts were
maintained on Matrigel-coated tissue culture plastic plates or gelatin-coated coverslips
at 37°C with 6% Oz, 5% CO: in growth media as described above. Media was changed
only during cell passaging. To promote myoblast fusion, cells at 75% confluency were
washed three times with PBS and media switched to DMEM (Gibco) with 5% horse
serum (Gibco), 1% penicillin/streptavidin and 1% Insulin-Transferrin-Selenium (Gibco).

Primary Myofibers: After initial isolation
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Microscopy and image analyses

Images were captured on a Nikon inverted spinning disk confocal microscope.
Objectives used on the Nikon were: 10x/0.45NA Plan Apo, 20x/0.75NA Plan Apo and
40x/0.95 Plan Apo. Confocal stacks were projected as maximum intensity images for
each channel and merged into a single image. Brightness and contrast were adjusted
for the entire image as necessary. Both muscle stem cell numbers and average
myofiber diameter were counted manually using Fiji Imaged. Images were processed

using Fiji ImageJ.

EdU Incorporation in mice and cells

For mouse experiments, 5-ethynyl-2'-deoxyuridine (EdU — Life Technologies)
was dissolved in sterile water with dextrose to give final concentrations of 0.5pg/mL
EdU and 1% dextrose. Water was given to mice for the described number of days. For
primary culture experiments, cells were incubated with 10uM 5-ethynyl-2'-deoxyuridine

(EdU — Life Technologies) for two hours.

Functional fatigue resistance assays

Ex vivo assessment of fatigability of EDL muscles were performed as described
in Park et al., 2012. In brief, mice at 24 months old were anesthetized with isofluorane
and the right EDL muscles were dissected. Muscles were bathed in Ringer’s Solutions.
Surgical knots were tied at both ends of the EDLs and mounted on a PowerLab force

transducer chamber incubated in oxygenated Tyrode solution. EDL muscles were
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equilibrated and then electrically stimulated with 250Hz every 30 minutes to measure
the percent maximal force generated. The stimulation was repeated overnight to

measure the change in percent maximal force over time.

Primers for caFGFR1 detection by PRC

FGFR3 TMD — FGFR1 TKD spanning primers:
FR3-FR1-FW: AGCTACGGGGTGGTCTTCTT

FR3-FR1-RV: AACCAGGAGAACCCCAGAGT
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Chapter 3:

TDP-43 and RNA form amyloid-like myo-granules
in skeletal muscle regeneration

Adapted from: Vogler, T. O., Wheeler, J. R., Nguyen, E. D., ... Olwin. B. B. & Parker, R.
TDP-43 and RNA form amyloid-like myo-granules in regenerating
muscle. Nature, 563(7732), 508 (2018).
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Summary

A dominant histopathological feature in neuromuscular diseases including
amyotrophic lateral sclerosis and inclusion body myopathy is cytoplasmic aggregation of
the RNA-binding protein TDP-43. Although rare protein-misfolding mutations in TDP-43
often cause protein aggregation, most patients do not have a TDP-43 mutation
suggesting aggregates of wild-type TDP-43 arise by an unknown mechanism. Here we
show TDP-43 is an essential protein for normal skeletal muscle formation that
unexpectedly forms cytoplasmic, amyloid-like oligomeric assemblies, termed myo-
granules, during skeletal muscle regeneration in mice and humans. Myo-granules bind
mRNAs encoding sarcomeric proteins and are cleared as myofibers mature. Although
myo-granules occur during normal skeletal muscle regeneration, myo-granules can
seed TDP-43 amyloid fibrils in vitro, and are increased in a mouse model of inclusion
body myopathy. Therefore, heightened assembly or decreased clearance of functionally
normal myo-granules could be the source of cytoplasmic TDP-43 aggregates common

to neuromuscular disease.
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Introduction

TAR DNA-binding Protein 43 (TDP-43) is a ubiquitously expressed DNA and
RNA-binding protein involved in several aspects of RNA metabolism, such as RNA
stability, splicing and transport (Alami et al., 2014; Ayala et al., 2011; Buratti and
Baralle, 2008; Kawahara and Mieda-Sato, 2012; Volkening et al., 2009). TDP-43 is
predominantly considered a nuclear protein, where cytoplasmic localization of TDP-43
is a histopathological hallmark of degenerative neuromuscular diseases (Kusters et al.,
2009; Neumann et al., 2006; Weihl et al., 2008). However, a number of studies show
TDP-43 regulates RNA in the cytosol of healthy cells. In primary neurons, TDP-43 forms
cytoplasmic ribonucleoproteins (RNPs) granules that transport mRNA along axons and
dendrites (Ayala et al., 2008; Fallini et al., 2012). The role of TDP-43 in neuronal RNP
assembly and function are mediated by its direct interactions with other RNA-binding
proteins, such as, heterogenous nuclear ribonucleoprotein (hnRNP) A/B, PABPC1,
fused in sarcoma (FUS) and ataxin-2 (Buratti et al., 2005; D’Ambrogio et al., 2009;
Elden et al., 2010; Freibaum et al., 2010; Kawahara and Mieda-Sato, 2012; Kim et al.,
2010). However, beyond neurons, the function of TDP-43 and its role in RNP
assemblies are largely unknown.

The function and aggregation of the TDP-43 in multinucleated skeletal muscle
cells (myofibers) is of interest for two reasons. First, TDP-43 aggregates accumulate in
the skeletal muscle of patients with inclusion body myopathy (IBM), oculopharyngeal
muscular dystrophy (OPMD), and distal myopathies (Kusters et al., 2009; Weihl et al.,

2008). These aggregates appear similar to the cytoplasmic TDP-43 aggregates found in
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the neurons of patients with amyotrophic lateral sclerosis (ALS) and frontotemporal
lobar degeneration (FTLD), suggesting a common mechanism in muscle and neurons
leading to histopathological, cytoplasmic TDP-43 aggregation (Neumann et al., 2006;
Renton et al., 2014; Weihl et al., 2008). Second, reducing TDP-43 levels leads to age-
related muscle weakness in mice (Kraemer et al., 2010), muscle degeneration and
sarcomere disruption in zebrafish (Schmid et al., 2013), and age-related muscle
weakness in Drosophila wing muscles (Diaper et al., 2013; Llamusi et al., 2013). Given
the requirement for TDP-43 in muscle function, and its potential to form cytoplasmic
aggregates in muscle diseases, we examined TDP-43 function during normal

mammalian skeletal muscle formation.

Results
Cytoplasmic TDP-43 myo-granules

We first examined the subcellular distribution of TDP-43 in cultured skeletal
muscle cells and found abundant nuclear TDP-43 in C2C12 myoblasts, a mouse muscle
cell line (Figure 3.1a)(Rodriguez-Ortiz et al., 2013). However, during differentiation of
C2C12 myoblasts and isolated primary mouse myoblasts into multinucleated myotubes,
we observed an increase in cytoplasmic TDP-43 by immunofluorescence and by
subcellular fractionation (Figure 3.1a-e). Further, live cell single molecule imaging of
HALO-tagged TDP-43 revealed increased cytosolic HALO-TDP-43 in differentiating

myotubes compared to myoblasts (Figure 3.1f-k,).
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Figure 3.1. Increased cytosolic TDP-43 during normal skeletal muscle
formation

(a) Nuclear localization of TDP-43 immunofluorescence in C2C12 myoblasts and both nuclear and
cytoplasmic localization in C2C12 myotubes differentiated for 7 days (n = 3 independent experiment).
Myosin heavy chain (MHC) identifies differentiated cells. Scale bar is 25um (b) Subcellular
fractionation reveals increased cytosolic TDP-43 in differentiating myotubes (Cyto MB, 5.0 + 2.1%;
Cyto MT,19.7 = 3.1%; n=3 biologically independent experiments giving similar results, unpaired two-
tailed t-test, p-value = 2.0 x 109). (¢) Time-course of TDP-43 immunoreactivity during skeletal muscle
differentiation (n = 3 independent experiments with similar results). Myogenin (MyoG) immunoreactivity
(magenta) and MHC immunoreactivity (green), identify differentiated cells. Nuclei counterstained with
DAPI. Scale bar is 25um (d) TDP-43 immunoreactivity in primary myotubes derived from muscle stem
cells differentiated in culture for 4 days (n = 3 independent experiments with similar results). Images for
a secondary antibody control on the lower panel. Scale bar is 25 ym. (€) Deconvolution microscopy of
C2C12 myotubes differentiated for 5 days reveal punctate TDP-43 immunoreactivity in myosin heavy
chain (MHC)-positive myotubes (n=3 independent experiments with similar results). (f) CRISPR/Cas9-
mediated genomic integration of tetracycline inducible HALO-TDP-43 into the ROSA26 safe harbor
locus in C2C12 myoblasts. (g) PCR of C2C12 myoblast gDNA for the presence of the HALO-TDP-43
construct (top panel) and for integration into the ROSA26 locus (bottom panel) using the primers
mapped in (f) (n=3 independent experiments with similar results). Red arrowheads point to the
expected PCR product for ROSA26 integration. Subsequent live-imaging experiments were performed
using clones 1 and 4. (h) Detection of fluorescently labeled HALO-tagged TDP-43 in C2C12 myoblasts
following induction resolved on SDS-PAGE. Janelia Fluor® 646 (JF646) (n = 3 independent
experiments with similar results). (i) Detection of both HALO-tagged TDP-43 and endogenous TDP-43
in selected C2C12 cell clones (n=3 independent experiments with similar results). (j) Representative
myoblast and (k) multinucleated myotube image of individual HALO-TDP-43 molecules. Top panels
are taken from start of acquisition (frame 1). Nuclei (Nuc) and cytosolic borders are demarcated with
white dotted lines (n=3 independent experiments with similar results). Lower panels show dynamic
mapping of single TDP-43 molecule tracks using multiple target tracing Matlab script (Serge et al.,
2008). Vibrant Violet was used to detect myonuclei. Scale is 5 ym.
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We next examined the subcellular distribution of TDP-43 in uninjured tibialis
anterior muscle and tibialis anterior muscle that was chemically injured with barium
chloride (BaClz2) and allowed to regenerate (Figure 3.2a) (Caldwell et al., 1990; Hardy et
al., 2016). Although we observed primarily nuclear TDP-43 in uninjured muscle, at five
days post-injury (dpi) TDP-43 was upregulated and in both the myonuclei and
cytoplasm of newly forming myofibers identified by embryonic myosin heavy chain
(eMHC) immunoreactivity (Figure 3.2b, Figure 3.3a). Super resolution microscopy
reveals TDP-43 is predominately localized to myonuclei in uninjured myofibers, while in
regenerating myofibers, cytoplasmic TDP-43 localizes to regions surrounding eMHC
(Figure 3.2c), which are sites of newly formed sarcomeres (Webster et al., 1988). By 10
dpi, cytosolic TDP-43 levels decline and localize around the centrally-located nuclei,
while by 30 dpi, TDP-43 re-localizes to the nucleus (Figure 3.2b, d, Figure 3.3b). Thus,
cytosolic TDP-43 increases during skeletal muscle cell formation in culture and in mice.

Since cytoplasmic TDP-43 localization is associated with pathological
aggregation, we asked if the cytoplasmic TDP-43 identified in skeletal muscle formation
adopts a higher order, oligomeric state. We detected an increase in UREA-insoluble
TDP-43 in myotubes compared to myoblasts and observed higher molecular weight
SDS-resistant TDP-43 assemblies unique to differentiating myotubes by SDD-AGE
(Semi-Denaturing Detergent Agarose Gel Electrophoresis) (Figure 3.3c, d). Further,
immunoprecipitation of TDP-43 from myotubes and from tibialis anterior mouse muscle
at 5dpi, followed by electron microscopy (EM) reveals the presence of 50-250 nm

assemblies that are not detected in undifferentiated myoblasts or in uninjured skeletal

59



b
eMHC Zoom
TDP-43 (Embryonic Myosin)  Merge + DAPI Merge + BF TDP-43
-———— -
Uninjured 19
Skeletal Muscle EE’
Myonuclei 5
(J
Muscle stem cell %
19
Regenerating
Skeletal Muscle
Embryonic Myosin labels
aegenerating myofiber|
o
o &
o
@
Centrally located nuclei
c TDP-43 eMHC Merge + DAPI Zoom (Inset)
_|
g
I
SN
—_ (M)
o
a
Yol
[¢]
<
I
9)
d
R ok * EM of isolated TDP-43 myo-granules
)
< 8 0 |
= °= From C2C12 myotubes From 5 DPI mouse
S | | 4 Zoom
2
L6 A
hi
5
F 4. oAt
Ll
3
-— 2 -
S o
0

L] 1 | |
Ul 5DPI 10 DPI

Figure 3.2. See next page for caption.

60



Figure 3.2. TDP-43 adopts higher-ordered state during normal skeletal muscle
formation.

(a) Schematic for regeneration of skeletal muscle injuries in wild type mice. (b) TDP-43
immunoreactivity following BaCl,-induced tibialis anterior (TA) muscle injury. Embryonic myosin heavy
chain (eMHC) in regenerating myofibers with nuclei counterstained with DAPI. Scale bar is 25um in
merged and zoom panels (n = 5 mice per condition providing similar results). (¢) Super resolution
imaging of TDP-43 immunoreactivity around nascent sarcomeres in the cytoplasm during muscle
regeneration. Scale bar is 10pym in merged panels and 5um in zoom panels. Asterisk identifies an
uninjured myofiber lacking eMHC and TDP-43 cytosolic signal. Nuclei are counterstained with DAPI
(n=3 biologically independent experiments providing similar results) (d) Quantification of cytoplasmic
TDP-43 signal in skeletal muscle myofibers using unpaired two-tailed t-tests. 5dpi vs Ul p-value = 4.36
x 108 (***); 5dpi vs 10dpi p-value = 0.011(*); 10dpi vs Ul p-value = 0.015 (not shown) (n=3 biological
replicates, n=5 myofibers per replicate). p-values are unpaired two-tailed t-tests for each individual
comparison. Data are mean + s.d. (e) Electron microscopy of myo-granules isolated by TDP-43
immunoprecipitation from C2C12 myotubes and from mouse 5dpi tibialis anterior muscle (n=3
biologically independent experiments providing similar results).
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Figure 3.3. During muscle formation TDP-43 adopts a higher-order state
distinct from stress granules.

(a) A secondary antibody control for 5 dpi TDP-43 staining in TA muscle sections. (n = 5 mice per
condition providing similar results). eMHC (embryonic myosin heavy chain) immunoreactivity in
regenerating myofibers with nuclei counterstained with DAPI. (b) Immunoreactive TDP-43 in 30dpi TA
muscle sections with nuclei counterstained with DAPI (n = 4 mice). Scale bar is 50 ym. (¢) RIPA-UREA
assay reveals presence of a urea insoluble TDP-43 fraction isolated from C2C12 myotubes
differentiated for 7 days but not in C2C12 myoblasts (n=3 independent experiments, each giving
similar results, unpaired two-tailed t-test, p-value = 0.0008). GAPDH remains RIPA-soluble in both
myoblasts and myotubes (n = 3 independent experiments, each giving similar results, unpaired two-
tailed t-test,p-value = 0.7443) (d) Higher molecular weight SDS-resistant TDP-43 assemblies present
in differentiating C2C12 myotubes resolved by SDD-AGE (Semi-Denaturating Detergent Agarose Gel
Electrophoresis) (n = 3 independent experiments). Pub1 Q/N-GFP from yeast forms higher molecular
weight SDS-resistant assemblies than TDP-43 assembilies. (e) Schematic for the isolation of myo-
granules containing TDP-43 during skeletal muscle formation (f) Immunoprecipitation (IP) of TDP-43
on dynabeads (DB) reveals oligomers isolated from C2C12 myotubes but absent in myoblasts as
observed by electron microscopy (EM) (n = 3 independent experiments). (g) Stress granule formation
in multinucleated myotubes derived from C2C12 cells. Immunofluorescence using antibodies against
stress granule proteins, G3BP1 and Pabp1, after + NaAsO, treatment for 60min (n=3 independent
experiments, each giving similar results). Zoom represents magnified inset. Scale bars are 5uym and
20um, respectively.
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muscle (Figure 3.2e, Figure 3.3e, f). The EM structure is similar to previously
characterized TDP-43 oligomers, albeit roughly two-fold larger in diameter (Johnson et
al., 2009). To exclude the possibility that the TDP-43 assemblies in skeletal muscle are
stress granules we assayed C2C12 myotubes for the stress granule markers G3BP1
and Pabp1. Stress granules were not present during normal myotube formation (Figure
3.39). Thus, during muscle formation, TDP-43 exists as a component of an SDS-
resistant oligomeric assembly distinct from stress granules, which we refer to as “myo-
granules.”
Myo-granules are amyloid-like assemblies

Their SDS-resistance suggests myo-granules have amyloid-like properties, which
is supported by two observations. First, X-ray diffraction on lyophilized myo-granules
revealed a diffraction pattern with a 4.8 A reflection, indicating a beta-rich complex that
is not observed in control samples. Myo-granules lacked a 10 A reflection implying a
lack of mated cross beta-sheets, similar to previously described amyloid-like oligomers
(Figure 3.4a, Figure 3.5a, b) (Sangwan et al., 2017). Second, immunopurified myo-
granules from C2C12 myotubes and regenerating mouse tibialis anterior muscle are
also immunoreactive for A11, a conformation specific antibody that recognizes beta-rich
structures including amyloid-like oligomers (Figure 3.5c-h) (Kayed et al., 2003).

Similar to TDP-43, A11 immunoreactivity increases in myotubes in culture and in
regenerating mouse tibialis anterior muscle (Figure 3.5i-k). In developing myotubes in
culture, A11 immunoreactivity is cytoplasmic and correlates with cytoplasmic TDP-43

immunoreactivity (Figure 3.6a-c). During muscle regeneration, A11 immunoreactivity

64



a Zoom

b i eMHC Merge + Brightfield
X-ray diffraction of myo-granules Al Oligomer Merge + J g e AH i
P | N g
07 N\ 2
[t 1 <
2 >
T
1
c ark —
£ 100y T a
S5 H 0
T <
53
© 2
5 <§ 504
8 S oy
€ _g. —
38 3
& 4 0 =
PN T
S
d V,\Q Nl Q)@ ) )
A11 Oligomer TDP-43 Merge + DAPI Zoom (Inset) A11TDP-43
> L »
o
a
Te]

Figure 3.4. Myo-granules containing TDP-43 are amyloid-like RNP oligomers.

(a) X-ray diffraction on myo-granules immunoprecipitated from C2C12 myotubes. Two rings at ~4.8 A
(orange) and ~10 A (blue) are drawn on the bottom half to highlight locations of these reflections. One
sample per condition was used. Two diffraction images at different rotations were taken per sample
and each image gave similar results. (b) A11 immunoreactivity during TA muscle regeneration and
uninjured muscle (n = 4 mice per condition). Regenerating myofibers are immunoreactive for eMHC.
Scale bars = 25um. (¢) Quantification of A11 and TDP-43 co-localization and A11 and eMHC co-
localization in 5 dpi skeletal muscle. Unpaired two-tailed t-test (***) p-value = 6.3 x 10-17. n = 3 mice, n
= 5 myofibers per mouse. Data are mean + s.d. (d) Representative deconvolution image of A11 and
TDP-43 co-localization in 5dpi mouse TA myofibers quantified in (c). Scale bar is 3ym and 1um
(zoomed inset) n = 3 mice providing similar results.
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Figure 3.5. Myo-granules isolated from cells and mice contain TDP-43 and are
amyloid-like oligomers

(a-b) X-ray diffraction on immunoprecipitated myo-granules (right half of both panels) compared to the
diffraction of mock IgG immunoprecipitation (left half of panel a) and to the diffraction of super oxide
dismutase 1 (SOD1) amyloid oligomers (left half of panel b). In all diffraction patterns two rings at ~4.8
A and ~10 A are drawn on the bottom half to highlight absence of an ~4.8 A reflection in the mock
immunoprecipitation and a similar ~4.8 A reflection with a ~10 A reflection absence in the SOD1
diffraction. One sample per condition was used. Two diffraction images at different rotations were
taken per sample and each image gave similar results. (¢) Complexes immunopurified using TDP-43
or (d) A11 isolated from C2C12 myotubes are immunoreactive for A11 and TDP-43 respectively, while
immunopurified TDP-43 or A11 myo-granules immunostained with secondary antibodies lack signal
(red) (n=3 independent experiments). Scale bar is 1 ym. (e) Complexes immunopurified using TDP-43
or (f) A11 isolated from 5 dpi TA muscle are immunoreactive for A11 and TDP-43 respectively, while
immunopurified TDP-43 or A11 myo-granules immunostained with secondary antibodies lack signal
(red) (n=3 mice). Scale bar is 0.05 ym. (g) TDP-43 immunopurified complexes isolated from an
uninjured tibialis anterior muscle (contralateral to the 5dpi muscle) reveal no complexes with an A11
oligomeric confirmation (n = 3 mice). Scale bar is 0.05 ym. (h) A11 immunopurified complexes from an
uninjured tibialis anterior muscle (contralateral to the 5dpi muscle) reveal no complexes containing
TDP-43 (n = 3 mice). Scale bar is 0.05 ym. (i) Dot blot A11 immunoreactivity in C2C12 cells
differentiated into myotubes as compared to myoblasts. Quantification reflects fold change in dot blot
signal from myoblast to myotube. Data are mean = s.d. (n=3 independent experiments) (j)
Quantification of dot blot signal for A11 conformation complexes and TDP-43 (k) during skeletal
muscle regeneration at 5dpi and at 10dpi compared to contralateral uninjured TA muscle and
normalized to HRP-only signal. Quantification reflects fold change in dot blot signal. Data are mean +
s.d., n = 3 mice, p-value are unpaired two-tailed t-test.
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Figure 3.6. Myo-granules in skeletal muscle contain TDP-43 and are amyloid-
like oligomers.

(a) C2C12 myotubes differentiated for 7 days reveal strong A11 immunoreactivity in myosin heavy
chain (MHC)-positive myotubes but no A11 immunoreactivity in undifferentiated Pax7-positive
myoblasts (n=3 independent experiments). (b) Muscle stem cells isolated from 4-month old C57/BL6
mice were differentiated in culture for 5 days and reveal cytoplasmic and nuclear immunoreactivity for
A11 oligomer. Myotubes are immunoreactive for MHC (n = 3 mice). (¢) Deconvolution microscopy of
C2C12 myotubes differentiated for 7 days reveal punctate A11 staining in myosin heavy chain (MHC)-
positive myotubes but no A11 signal in undifferentiated myoblasts (n=3 independent experiments). (d)
Secondary antibody control for 5 dpi A11 in TA muscle sections. Nuclei counterstained with DAPI.
Scale bars are 25 ym (n = 4 mice). (e) Representative images of A11 and TDP-43 colocalization in
uninjured, 5 dpi and 10 dpi tibialis anterior muscle (n=3 mice). (f) Secondary antibody control for 5 dpi
and 10dpi A11-TDP-43 colocalization in TA muscle section reveals lack of signal. Nuclei
counterstained with DAPI. Scale bars are 25 um (n = 3 mice). (g) Quantification of A11 signal intensity
in myofibers from (e). Unpaired two-tailed t-test for uninjured vs 5dpi p-value = 4.4 x 10-% (****); 5dpi vs
10dpi p-value = 4.1 x 10 (***); 10dpi vs uninjured p-value = 0.024 (not shown). n = 3 mice per
condition, n = 10 myofibers averaged per mouse. Data are mean + s.d. (h) Representative
deconvolution image of A11 and eMHC immunoreactivity in 5dpi mouse TA myofibers quantified in Fig.
2c (n = 3 mice providing similar results). Scale bar is 2um and 0.8um (zoomed inset). (i) Proximity
ligation assays (PLAs) reveal complexes of TDP-43 and A11 (green) in C2C12 myotubes. A PLA
positive control with two antibodies that recognize different epitopes of TDP-43 are positive, whereas
complexes are absent if one primary antibody is omitted (n = 3 independent experiments per
condition).
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correlates with TDP-43 cytoplasmic immunoreactivity increasing in the cytoplasm at
5dpi but dissipating by 10dpi (Figure 3.4b, Figure 3.6d-g). At 5dpi in mice, more than
80% of A11 immunoreactivity is co-localized with cytosolic TDP-43 immunoreactivity
(Figure 3.4c, d, Figure 3.6h). Further, cytoplasmic TDP-43 exists as a component of an
A11-reactive complex revealed by proximity ligation assays in differentiating C2C12
myotubes (Figure 3.6i). These observations argue cytoplasmic myo-granules contain
TDP-43 in an amyloid-like oligomer conformation during skeletal muscle formation.
Myo-granules contain sarcomeric mRNAs

As TDP-43 is an RNA-binding protein, we examined if myo-granules include
RNA. Immunoprecipitation of myo-granules with TDP-43 or A11 antibodies followed by
oligo-dT Northern blot analysis reveals that TDP-43 and A11 associate with mRNA in
myotubes (Figure 3.7a). To identify the mRNAs bound by TDP-43 during muscle
formation, we constructed transcriptome-wide maps of TDP-43 binding sites in
undifferentiated myoblasts and in myotubes using eCLIP (enhanced UV crosslinking
and immunoprecipitation) (Figure 3.7b-e) (Van Nostrand et al., 2016). We identified a
total of 556 binding sites across 174 genes for myoblasts and a total of 975 binding
sites across 320 genes for myotubes as significantly enriched over size matched input
(SMinput, which reflects all RNA-protein interactions in the input). The binding sites
were highly correlated between biological replicates, revealed enrichment for the TDP-
43 UG-rich consensus sequence, exhibited thousands of reproducible CLIP clusters by
irreproducible discovery rate analysis, and identified known TDP-43 mRNA targets

including the 3’ UTR of TDP-43 (Figure 3.7f-h) (Ayala et al., 2011). We also observed
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Figure 3.7. See next page for caption.
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Figure 3.7. TDP-43 eCLIP on skeletal muscle myoblasts and myotubes.

(a) RNA immunoprecipitation (RIP) from C2C12 myotubes, followed by oligo-dT Northern blot reveals
A11 and TDP-43 associate with poly-A RNA (n = 3 biologically independent samples). (b) Schematic of
enhanced CLIP (eCLIP) protocol for cultured C2C12 myoblasts and myotubes. (¢) Immunoprecipitation
of TDP-43 complexes used for eCLIP in C2C12 myablast (n = 2 biologically independent samples). (d)
Same as in (B) but for C2C12 myotubes (n = 2 biologically independent samples). (e) Autoradiogram
of 32P-labeled TDP-43 - RNA complexes fractionated by PAGE. White box indicates the area cut and
used for eCLIP library preparation (n=1 library prepared per condition). (f) Scatterplots indicate
correlation between significant TDP-43 eCLIP peaks in biological replicates. Scatterplot represents fold
enrichment for each region in TDP-43 eCLIP relative to paired size matched input (SMinput) with
significant peaks in red (p = 10-8 over SMliput). P-values for each peak to determine significance were
calculated by Yates’ Chi-Square test (Perl) or Fisher Exact Test (R computing software) when the
expected or observed read number was below five'6. For myoblasts R values calculated using n =
511137 non-significant peaks and n = 596 significant peaks. For myotubes R values calculated using n
= 413368 non-significant peaks and n = 1501 significant peaks. UG-rich motif is significantly enriched
in clusters from ORFs and UTRs (p-value determined by DREME software tool). (g) Irreproducible
discovery rate (IDR) analysis comparing peak fold enrichment across indicated datasets. (h) TDP-43
eCLIP reveals TDP-43 binds to 3’'UTR of TDP-43 transcript in myoblasts (top panel) and myotubes
(bottom panel) (n=3 biologically independent experiments giving similar results).
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that the mRNAs bound to TDP-43 changed significantly during skeletal muscle
differentiation (Figure 3.8a).

A majority of the TDP-43 binding sites in myoblasts and myotubes are in exons
of protein coding transcripts, suggesting TDP-43 may be associating with mature
mRNAs (Figure 3.9a, Figure 3.8b, c). In contrast, TDP-43 binding sites in neurons were
predominantly mapped to introns (Polymenidou et al., 2011; Tollervey et al., 2011). The
difference may reflect cell state, where TDP-43 binds more processed cytoplasmic
RNAs in newly forming tissue and more nuclear, intronic RNA in post-mitotic mature
cells. Connectome and gene ontology analysis of TDP-43 exonic target transcripts in
myotubes, which are likely to constitute interactions with cytoplasmic mRNAs, revealed
TDP-43 binds to a network of transcripts associated with the sarcomere (Figure 3.9b,
Figure 3.8a). TDP-43 target RNAs identified by eCLIP in myotubes often have multiple
TDP-43 exonic binding sites in close proximity (Tollervey et al., 2011). For example, in
the titin mMRNA numerous TDP-43 exon binding sites are distributed across the
transcript, and within single exons we observed multiple UG-rich stretches with several
TDP-43 binding sites (Figure 3.8d). These observations argue TDP-43 adopts new
functionality during myogenesis by binding to structural mRNAs required for skeletal
muscle formation, while retaining canonical nuclear functions such as splicing and
nuclear cytoplasmic shuttling.

To validate that the sarcomeric mMRNAs identified by eCLIP bind to cytoplasmic
TDP-43 during muscle formation we used single molecule fluorescence in situ

hybridization (smFISH). We found that TDP-43 protein co-localizes with mRNAs for
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Figure 3.8. TDP-43 binds to mRNAs that encode sarcomeric proteins during
muscle formation.

(a) Myoblast (left column), myotube (middle column) and shared (right column) connectome analysis
for all TDP-43 eCLIP peaks (top row) and TDP-43 exonic peaks (bottom row). (b) TDP-43 binds
predominantly in exons of protein coding RNAs in C2C12 myoblasts. (¢) Peak distribution for
significantly enriched TDP-43 peak locations in myoblasts and myotubes across the transcriptome
reveal increased exonic and 3’-UTR association compared to neuronal TDP-43 peaks identified in
Polymenidou et al., 2011 and in Tollervey et al., 2011. (d) Identification of multiple TDP-43 binding
sites across and within exons of Titin. Zoomed region is representative of multiple UG-rich sequences
within single exon (n=3 biologically independent experiments giving similar results).
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Fig 3.9. TDP-43 binds select sarcomeric mRNA transcripts during muscle formation.

(a) Distribution of TDP-43 RNA binding identified by eCLIP in C2C12 myotubes (b) TDP-43 eCLIP
myotube exonic peaks identified in select sarcomeric mMRNA transcripts. All listed genes are found in at
least one eCLIP replicate, * = identified in two replicates, red = gene associated with muscle disease.
Sarcomere schematic is adapted from Laing and Nowak, 2005. (c) Single molecule FISH (smFISH) for
embryonic myosin heavy chain (Myosin-3) and Troponin C1 (Tnnc1) mRNA co-localized with
cytoplasmic and nuclear TDP-43 immunoreactivity in C2C12 myotubes (n=3 biologically independent
experiments). (d) SmFISH for Titin mRNA co-localized with both A11 and TDP-43 immunoreactivity in
cytoplasm of myosin heavy chain-positive C2C12 myotubes (n=3 biologically independent
experiments). Scale bar is 10 ym for merged panels, 0.5 ym for insets for (c, d). Representative
images of CRISPR-Cas9 TDP-43 scramble sgRNA (top panel) and TDP-43 knockout sgRNA (bottom
panel) C2C12 cells showing TDP-43 immunoreactivity and EJU incorporation. Scale bar is 50um. Cells
counterstained with DAPI (n=3 biologically independent experiments each giving similar results). (f)
Quantification of EAU incorporation in TDP-43 knockout (sgTDP-43) and scramble (sgScr) C2C12 cells
after 7 days in culture (n = 3 independent experiments). Unpaired two-tailed t-test *** p-value = 0.0007.
Data are mean =+ s.d. (g) Representative images at 10 dpi regenerating TA muscle reveals reduced
myofiber feret diameter in TDP-43 haploinsufficient Pax7iresCreTDP-43FoxWT mjce. Laminin
immunoreactivity identifies myofibers and nuclei are counterstained with DAPI. Scale bar is 50 ym (n =
3 mice per condition). (h) Myofiber feret diameter frequency distribution in Pax7iresCreTDP-43FloxWT
mice at 10dpi compared to Pax7iresCreTDP-43WTWT controls (> 450 myofibers quantified per condition
from n = 3 mice).
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myosin-3 and troponin-c in the cytoplasm of myotubes (Figure 3.9c). In addition,
smFISH for titin mMRNA reveals co-localization of both TDP-43 and A11
immunoreactivity with titin mRNA in myotubes (Figure 3.9d). These observations
demonstrate TDP-43 binds to sarcomeric mMRNAs in the cytosol, and can form A11-
positive myo-granules in association with those mRNAs, perhaps because of the high
local concentration of TDP-43 proteins on a single mRNA molecule (Afroz et al., 2017;
Tollervey et al., 2011).

The association of TDP-43 myo-granules with sarcomeric mRNAs during muscle
formation is analogous to the role of TDP-43 in forming cytoplasmic neuronal
messenger ribonucleoprotein (MRNP) granules for local translation of mMRNAs in
neurons (Alami et al., 2014). Consistent with this similarity, mass spectrometry of
purified myo-granules identified 356 proteins enriched in proteins involved in RNA
localization and translation, which overlaps with the TDP-43 interactome (Freibaum et
al., 2010) and the neuronal RNA granule proteome (Fatimy et al., 2016). (Figure 3.10a-
d, Table 3.1, 3.2). Myo-granules include valosin containing protein (VCP), a protein
linked to neuromuscular degeneration (Taylor, 2015), which we validated by co-
localization of VCP with A11 and TDP-43 in the cytoplasm of regenerating muscle
(Figure 3.10e). However, hnRNPA2B1, an RNA-binding protein associated with
neuromuscular degeneration (Kim et al., 2013), is not identified in myo-granules and
remains nuclear during muscle regeneration (Figure 3.10f). Therefore, myo-granules
associate with a specific set of proteins that may help localize and regulate sarcomeric

mMRNAs during skeletal muscle formation.
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Figure 3.10. Myo-granule protein composition.

(a) SDS-PAGE gel stained with SYPRO Ruby reveals enrichment for select proteins during
fractionation of total cell lysate (T) from C2C12 myotubes, enriched fraction (EF) and TDP-43
immunoprecipitation (IP) (n=3 biologically independent experiments giving similar results). TDP-43 IP
and IgG control IP are representative of the fractions used for mass spectrometry. (b) Venn diagram
showing significant overlap between the myo-granule proteome and TDP-43 interactome (defined by
Freibaum et al., 2010) (p-value determined using hypergeometric test). (¢) Gene Ontology of myo-
granules reveals enrichment for processes relating to the localization and translation of RNA (n=356
proteins, p-value determined using hypergeometric test with Benjamini & Hochberg False Discovery
Rate (FDR) correction). (d) Venn diagram showing significant overlap between myo-granules and
neuronal RNA granule proteomes (defined by EIl Fatimy et al., 2016) (p-value determined using
hypergeometric test). (e) VCP, a top hit in the myo-granule proteome, colocalizes with cytoplasmic
TDP-43 and A11 signal in 5dpi mouse skeletal muscle (n = 3 mice). (f) The RNA-binding protein
hnRNPA2B1 is not associated with the myo-granule proteome and remains localized to myonuclei in
injured (5 dpi) and uninjured tibialis anterior muscle (n = 3 mice).
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Table 3.1. Myo-granule protein composition. Mass spectrometry of isolated TDP-43 containing
myo-granules compared to IgG control IP (n=3 biological independent experiments).

TDP-43 Myo-granule and Neuronal Granule Proteome Properties

TDP-43 Neuronal RNA

Property Myo-granule P-Value Granule P-Value
(n = 356) (n=127)

Proteins with
RNA-Binding 129 1.02x 10-32 94 3.41 x 1082
Activity*

Proteins with
Prion-like 11 - 10 -
Domain**

Proteins with
LARK * k%

Proteins with
ATPase 22 4.68x 101 0 n/s
Activity

Table 3.2. Myo-granule properties identified by mass spectrometry

Protein properties of TDP-43 myo-granules (n=356 proteins) and neuronal RNA granules
(n=127 proteins) (El Fatimy et al., 2016). Statistical analysis was performed using
hypergeometric distribution to determine chance overlap between two lists. *RNA-Binding
Activity defined by Castello et al., 2010. **Prion-like Domain containing proteins defined
using PLAAC (Lancaster et al., 2014) and only proteins with a positive coreSCORE were
used in the analysis. ***Top 400 proteins rich in LARKs (low-complexity, aromatic-rich
kinked segments) were searched (Hughes et al., 2018) and used in the analysis.
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TDP-43 is essential for muscle formation

If TDP-43 containing myo-granules are sarcomeric mRNPs, then genetic
depletion of TDP-43 may disrupt skeletal muscle myofiber formation. CRISPR-Cas9-
mediated deletion of TDP-43 in C2C12 cells arrested growth of C2C12 myoblasts
leading to cell death and preventing myoblast differentiation (Figure 3.9e, f, Figure
3.11a). Since TDP-43 appears essential for myoblast proliferation and survival, we
asked whether removing one copy of the TDP-43 gene in muscle stem cells using
Pax7iresCre recombination impaired muscle regeneration (Figure 3.11b, c) (Chiang et al.,
2010; Murphy et al., 2011). The myofiber size and muscle stem cell number is
unaffected when one copy of TDP-43 is deleted from muscle stem cells (Figure 3.11d-f).
However, following injury, mice with one TDP-43 allele in muscle stem cells have
significantly smaller myofibers than in wild type mice (Figure 3.9g, h, Figure 3.11g-i).
Since there was no detectable change in a muscle stem cell numbers when one TDP-
43 allele was deleted, we posit the regeneration defect is in part due to loss of TDP-43
function during myofiber formation. Thus, TDP-43 is essential for skeletal muscle cell
differentiation in culture and required for skeletal muscle regeneration.
Myo-granules in humans and disease

To determine if cytoplasmic TDP-43 and myo-granules are conserved in human
muscle regeneration, we examined human muscle biopsies from patients with different
clinical and pathological features of necrotizing myopathy. In each patient, we observed
increased cytoplasmic TDP-43 and A11 amyloid oligomer staining in the regenerating

muscle, suggesting myo-granules form in regenerating human myofibers and are not
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Strategy for TDP-43 knockout in C2C12
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Figure 3.11. See next page for caption.
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Figure 3.11. TDP-43 is an essential protein for skeletal muscle formation.

(a) Schematic for the approach used to knockout TDP-43 and quantify C2C12 myoblast proliferation.
(b) Schematic for the isolation and fluorescence activated cell sorting (FACS) of muscle stem cells
from Pax7iCre TDP-43FoxWITdTom* and Pax7/ce; TDP-43WTWTTdTom* mice. (>125k muscle stem cells
collected per mouse from two populations defined in (b) as TdTom* and TdTom**). (c) TDP-43 mRNA
expression relative to GAPDH mRNA expression from isolated, TdTom* and TdTom** muscle stem
cells from (b). (n = 4 independent experiments (each a mean of technical triplicates) from n = 2 mice).
Unpaired, two-tailed t-test (*) p-value = 0.0469). (d) Myofiber feret diameter frequency distribution in
uninjured Pax7iresCreTDP-43FoXWT mjce compared to Pax7iesCreTDP-43WTWT controls (n = 3 mice, 600
myofibers quantified per condition). (e) Quantification of myofiber feret diameter in (c). Box plot
horizontal bars represent mean, 25" and 75™ percentile + minima/maxima from n = 600 myofibers from
n = 3 mice per condition. Unpaired, two-tailed, t-test p-value = 0.5925 is not significant (n.s.)) (f) Pax7+
muscle stem cell numbers in uninjured Pax7iesCreTDP-43FoxWT mice compared to Pax7iesCreTDP-
43WTWT controls (Data are mean + s.d., n = 3 mice, Unpaired two-tailed, t-test p-value = 0.1963 (n.s.).
(g) Schematic for TDP-43 depletion in Pax7+ muscle stem cells during muscle regeneration in
Pax7iresCreTDP-43FoXWT gnd Pax7iresCreTDP-43WTWT mice (Tmx, Tamoxifen). (h) Quantification of
myofiber feret diameter at 10 dpi in in muscle stem cell TDP-43 haploinsufficient mice compared to
wild type control box plot horizontal bars represent mean, 251 and 75t percentile + minima/maxima
from n = 489 myofibers from n = 3 mice per condition. Unpaired, two-tailed, t-test (****) p-value = 2.3 x
1030, (i) Similar Pax7+ muscle stem cell numbers at 10 dpi in muscle stem cell TDP-43
haploinsufficient mice compared to controls. Data are mean + s.d. from n = 3 mice, Unpaired two-
tailed, t-test p-value = 0.89 (n.s.).

85



present in non-regenerating myofibers (Figure 3.12, Figure 3.13a). It is possible that
myo-granules formed during normal regeneration may seed the aggregates seen in
human muscle diseases.

Since myo-granules containing TDP-43 form during human skeletal muscle
regeneration and TDP-43 aggregates are found in skeletal muscle diseases, then the
increased regeneration occurring in diseases may promote TDP-43 aggregation.
Indeed, cytoplasmic TDP-43 aggregates in skeletal muscle diseases are often seen in
myofibers with centrally-located nuclei, a hallmark of regeneration (Kusters et al., 2009;
Salajegheh et al., 2009). Therefore, we tested whether cytoplasmic myo-granules
accumulate in newly regenerated myofibers of VCP mutant mice, a model of
multisystem proteinopathy (MSP) and IBM characterized by TDP-43 aggregation
(Custer et al., 2010). When uninjured VCP mutant and wild-type mice were treated with
5-ethynyl-2'-deoxyuridine (EdU), which identifies actively regenerating myofibers
containing newly fused nuclei arising from muscle stem cells, VCP mutant mice
possessed more EdU+ centrally-located myonuclei compared to VCP wildtype mice
(Figure 3.13b, c). Moreover, in the myofibers with EdU+ centrally-located nuclei, we
detect increased cytoplasmic TDP-43 and A11 amyloid oligomer staining, correlating
the cytoplasmic TDP-43 aggregation with increased muscle regeneration in VCP mutant
mice (Figure 3.14a, b, Figure 3.13d, e).

Consistent with the hypothesis that myo-granules may seed the aggregates seen
in disease, myo-granules isolated from C2C12 myotubes were capable of transitioning

to a Thioflavin-T (ThioT)-positive aggregate (amyloid-like fibers) over time (Figure 3.14c,
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Fig. 3.12. Myo-granules form during human muscle regeneration.

(a) Representative image of cytoplasmic TDP-43 in regenerating human skeletal muscle from patient
with necrotizing myopathy, n = 3 skeletal muscle biopsies from three individual patients gave similar
results (scale bar is 50um). (b) Representative image of A11 immunoreactivity in regenerating human
skeletal muscle from patient with necrotizing myopathy, n = 3 skeletal muscle biopsies from three
individual patients gave similar results (scale bar is 100um). (¢) Quantification of A11 immunoreactive
intensity in regenerating myofibers (RM = eMHC+) compared to non-regenerating myofibers (NRMs =
eMHC-) from three patients (Pt) with necrotizing myopathy. Unpaired two-tailed t-test used for each
individual comparison: For Pt 1 NRMs (n = 23) vs RMs (n = 11) *** p-value = 2.54 x 10; For Pt 2
NRMs (n = 31) vs RMs (n = 59) *** p-value = 7.89 x 10%; For Pt 3 NRMs (n = 146) vs RMs (n = 44) ***

p-value = 6.17 x 1049, Data are mean + s.e.m.
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Figure 3.13. See next page for caption.
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Figure 3.13. Myo-granules that seed amyloid-like fibres are increased in human
muscle regeneration and in multisystem proteinopathy.

(a) Representative image of TDP-43 immunoreactivity (top panel) and secondary antibody only control
(bottom panel) in regenerating human skeletal muscle from patient with necrotizing myopathy. N = 3
independent experiments on n = 3 independent patient biopsies each giving similar results. Scale bar
is 50um). (b) Representative tibialis anterior cross-section images of uninjured VCP A232E and VCP
WT mice labeled with EdU after 21 days of EdU given in the drinking water to mark division and fusion
of muscle stem cells, visualized for laminin immunoreactivity to identify myofibers and stained with
DAPI to identify nuclei. Arrowheads indicate myofibers with EdU+ centrally-located myonuclei (n = 3
mice each giving similar results). Scale bar is 200 ym and 50pym in inset. (¢) Quantification of
myofibers with EdU+ centrally-located myonuclei in VCP-A232E and VCP-WT mice. Data is mean +
s.d., n = 4 >1000 myofibers quantified per genotype mice per condition, (unpaired, two-tailed, t-test p-
value = 6.5 x109). (d) Representative deconvolution image of A11 and TDP-43 co-localization in a
regenerating myofiber from a VCPA232E TA muscle (n = 3 mice each giving similar results). Scale bar
is 10um (e) Secondary antibody control for uninjured VCP-A232E TA muscle section reveals lack of
signal. Nuclei counterstained with DAPI and myofibers are outlined in white (n = 4 mice each giving
similar results). Scale bar is 25um. (f) Coomassie stained recombinant HIS-SUMO-TDP-43 used for
Thioflavin-T assays resolved by SDS-PAGE (n=3 biologically independent experiments each giving
similar results). (g) Thioflavin T (ThioT) incorporation reveals ThioT-positive amyloid-like fibers for
recombinant AB.4» and absence of ThioT signal for both IgG pulldown control and ThioT alone (n=3
biologically independent experiments each giving similar results). Scale bar is 10 ym. (e)
Representative transmission electron microscopy image (zoomed out from Fig 5e) of ThioT-positive
fibers formed from isolated myo-granules (n=3 biologically independent experiments). Scale bar is
1um.
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Figure 3.14. Myo-granules are increased in VCP disease and are capable of
seeding amyloid-like fibers.

(a) Uninjured VCP A232E tibialis anterior muscle (top panel) and uninjured VCP wild type (WT) tibialis
anterior muscle (bottom panel) probed for EdU incorporation into centrally-located nuclei and
immunostained for A11 and TDP-43. Cells counterstained with DAPI and myofibers outlined in white.
Scale bar is 25um. (b) Quantification of myofibers with EdU+ centrally-located myonuclei, A11
immunoreactivity and cytoplasmic TDP-43 in VCP-A232E and VCP-WT mice, (n = 3 mice, 1 tibialis
anterior cross section quantified per mouse), unpaired two-tailed t-test p-value = 1.3 x 10-4. Data are
mean + s.d. (¢) Representative images of purified myo-granules from C2C12 myotubes incubated with
or without recombinant TDP-43 and Thioflavin-T (ThioT) reveals formation of higher order ThioT-
positive amyloid-like fibers. Scale bar is 25 pm (n=3 biologically independent experiments). (d) Plot of
kinetics for fiber aggregation determined by ThioT incorporation measured in 10-minute intervals.
Rates derived by fitting time points to single exponential rate equation: Myo-granule + recombinant
TDP-43 (R2 = 0.96; kgps X 10 (min') = 47 + 1.6; Myo-granule (R2 = 0.92; ks X 104 (min-!) = 56 £ 2.9;
Recombinant TDP-43 (R2 = 0.47; ks X 104 (min-') = 8.5 + 4.9) (n=3 biologically independent
experiments, background corrected arbitrary units, AU). (e) Representative transmission electron
microscopy images of ThioT-positive fibers formed from isolated myo-granules (n=3 biologically
independent experiments). Scale bar is 1ym.
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d). Moreover, addition of recombinant TDP-43 to isolated myo-granules increased the
amount of ThioT-positive aggregates formed without affecting their initial rate of
assembly (Figure 3.14c, d, Figure 3.13f, g). Electron microscopy of ThioT-positive TDP-
43 aggregates formed from myo-granules reveals fibrous structures morphologically
similar to previously reported TDP-43 amyloid fibers (Figure 3.14e) (Mompean et al.,
2015). This suggests that the failure to clear myo-granules during normal muscle
formation may seed the formation of cytoplasmic TDP-43 aggregates in diseased
muscle. Whether the oligomerization of TDP-43 in myo-granules involves its N-terminal
oligomerization domain (Afroz et al., 2017), the C-terminal prion-like domain that is
prone to aggregation and fiber formation (Chen et al., 2010; Igaz et al., 2009), or both,

remains to be established.

Discussion

We uncover two important properties of TDP-43 in the formation of skeletal
muscle. First, TDP-43 is an essential protein that associates with select sarcomeric
mMRNAs and localizes to sites of newly forming sarcomeres during skeletal muscle
formation. Second, TDP-43 is a component of a higher order, amyloid-like myo-granule
assembled during normal skeletal muscle formation. Purified myo-granules from
cultured myotubes are capable of seeding amyloid-like fibrils in vitro suggesting a link
between the normal biological functions of TDP-43 and pathological TDP-43

aggregates.
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We propose a model whereby myo-granules containing TDP-43 are increased in
damaged tissues with elevated regeneration, thereby enhancing the possibility of
amyloid fiber formation and/or aggregation of TDP-43 in disease (Figure 3.15). Since
the triggering event in this model is elevated muscle regeneration, it explains why TDP-
43 aggregates occur in genetically diverse diseases including IBM (Salajegheh et al.,
2009), which can be caused by mutations in the ubiquitin segregase VCP (Custer et al.,
2010), OPMD, caused by Ala expansions in PABPN1 (Kisters et al., 2009), and DMRV,
caused by mutations in the UDP-N-acetylglucosamine 2-epimerase gene (GNE)
(Nishino et al., 2002). Moreover, the seeding of TDP-43 aggregates by TDP-43
oligomers may also occur in neurons since reversible cytoplasmic TDP-43 accumulation
occurs in models of acute neuronal injury in vivo (e.g. axotomy or traumatic brain injury)
(Moisse et al., 2009; Wiesner et al., 2018). TDP-43 aggregates are also frequently
observed on autopsy in neurologically normal elderly individuals (Nascimento et al.,
2018). The age-dependent accumulation of TDP-43 aggregates may be caused by a
failure to clear TDP-43, or other amyloid-like assemblies that formed during tissue
repair. Over a lifetime, failures in proteostatic control mechanisms, including autophagy
or endocytosis (Elobeid et al., 2016; Liu et al., 2017a; Wilson et al., 2013), could
increase the likelihood that functional, amyloid-like assemblies transition into

pathological aggregates.

93



Uninjured Myofiber

@ =TDP-43 (monomer)

’ = TDP-43 Myo-granule

1. Skeletal
Muscle Injury

5. Myo-granule roles in
basal RNA regulation?

Ay
-

.

) 2. TDP-43 Myo-granule
Impaired RNA Increased MG 1 (MG) formation
localization? formation? ]
s
4
e’ --=> 4
4

Aging and Disease

Impaired MG ¥
clearance?

1
1
A

4. Myo-granule clearance 3. Myo-granule assisted RNA
(autophagy, endocytosis?) transport

Figure 3.15. Myo-granules in normal skeletal muscle regeneration and in
disease.
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Mice were bred and housed according to National Institutes of Health (NIH)
guidelines for the ethical treatment of animals in a pathogen-free facility at the
University of Colorado at Boulder (Wild-type, Pax7iresCre, TDP-43flox/lox and VCP-A232E
lines). The University of Colorado Institutional Animal Care and Use Committee
(IACUC) approved all animal protocols and procedures. Wild-type mice were C57BI/6
(Jackson Labs, ME, USA) and VCP-A232E, VCP-WT (Custer et al., 2010), and TDP-
43floxflox mice (Chiang et al., 2010) were previously described. Crossing mice into
Pax7iresCre mice (Murphy et al., 2011) generated conditional TDP-43foXWT mice. Cells
and tibialis anterior (TA) muscles were isolated from 3-6-month-old male and female
wild-type and Pax7iresCre; TDP-43oxWT mice. TA or gastrocnemius muscles were
isolated from 9-month-old male VCP-A232E mice. Control mice were age and sex

matched from the mice and crosses described above.

Mouse Injuries and Tamoxifen injections

Mice at 3-6 months old were anesthetized with isofluorane and the left TA muscle
was injected with 50uL of 1.2% BaClz and then the injured and contralateral TA muscles
were harvested at the indicated time points. Intraperitoneal (IP) administration of
tamoxifen (Sigma), re-suspended in sterile corn oil (Sigma), was given to 3-6-month-old

mice at a volume of 0.075mg of tamoxifen per gram of mouse weight.
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Human Muscle Biopsy Tissue

Under an IRB-approved protocol at Johns Hopkins University, a clinical muscle
biopsy database was searched for patients who were clinically diagnosed with
rhabodmyolysis and/or pathologically diagnosed with necrotizing myopathy with
evidence of myofiber regeneration. Patient muscle tissue leftover from diagnostic
biopsy was stored frozen at -80 C for less than two years, and samples were

cyrosectioned for immunohistochemical analysis.

Immunofluorescence staining of tissue sections

TA or gastrocnemius muscles were dissected, fixed on ice for 2hrs with 4%
paraformaldehyde, and then transferred to PBS with 30% sucrose at 4°C overnight.
Muscle was mounted in O.C.T. (Tissue-Tek®) and cryo-sectioning was performed on a
Leica cryostat to generate 10um thick sections. Tissues and sections were stored at -
80°C until staining. Tissue sections were post-fixed in 4% paraformaldehyde for 10
minutes at room temperature (RT) and washed three times for 5 min in PBS.
Immunostaining with anti-Pax7, anti-Laminin, anti-eMHC, anti-TDP-43 and A11
antibodies required heat-induced epitope retrieval where post-fixed slides were placed
in citrate buffer, pH 6.0, and subjected to 6 min of high pressure-cooking in a Cuisinart
model CPC-600 pressure cooker. For immunostaining, tissue sections were
permeabilized with 0.25% Triton-X100 (Sigma) in PBS containing 2% bovine serum
albumin (Sigma) for 60 min at RT. Incubation with primary antibody occurred at 4°C

overnight followed by incubation with secondary antibody at room temperature (RT) for
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1hr. Primary antibodies included mouse anti-Pax7 (Developmental Studies Hybridoma
Bank, University of lowa, USA) at 1:750, rabbit anti-laminin (Sigma-Aldrich) at 1:200,
rabbit anti-TDP-43 (ProteinTech) at 1:200, mouse anti-TDP-43 (Abcam) at 1:200, rabbit
A11 (Sigma-Aldrich) at 1:200, mouse anti-VCP (ThermoFisher Scientific) at 1:400 and a
mouse anti-eMHC (Developmental Studies Hybridoma Bank, University of lowa, USA)
at 1:5. Alexa secondary antibodies (Molecular Probes) were used at a 1:1000 dilution.
For analysis that included EdU detection, EdU staining was completed prior to antibody
staining using the Click-iT EdU Alexa fluor 488 detection kit (Molecular Probes)
following manufacturer protocols. Sections were incubated with 1 ug/mL DAPI for 10
min at room temperature then mounted in Mowiol supplemented with DABCO (Sigma-

Aldrich) or ProLong Gold (Thermo) as an anti-fade agent.

Isolation of Primary Muscle Stem Cells

Gastrocnemius, extensor digitorum longus (EDL), TA and all other lower hindlimb
muscles were dissected from wild-type mice. The muscle groups from both hind limbs
were separated and digested in 3.6mL of F12-C (Gibco) with penicillin/streptavidin
(Gibco) and 400uL 10X collagenase (Worthington) for 90 minutes at 37°C on a slow
rotisserie. In a biosafety cabinet, muscles were settled for 5 minutes, undisturbed, and
then as much of the liquid was removed without disturbing the muscle groups. F12-C
with penicillin/streptavidin and 15% horse serum was added and the muscles rocked for
1 minute. Then, 3mL of growth media was added to each tube (F12-C with

penicillin/streptavidin, 15% horse serum (Gibco), 20% fetal bovine serum (Sigma), 1%
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Chick Embryo Extract (Antibody Production Services Ltd.). The digest was poured onto
a (Corning) 10cm tissue culture plate with Matrigel in 10mL of growth media. Growth
media was added as necessary to keep the muscle chunks submerged. Muscles
chunks were incubated in growth media with FGF-2 (50nM working concentration) for
72 hours at 37°C in 6% O2, 5% COz. After 72 hours, muscle stem cells have migrated
out onto the Matrigel and the muscle chunks and media were removed. The plate
containing attached muscle stem cells was rinsed with sterile PBS and 10mL warm
growth media added supplemented with 50nM FGF-2. Colonies of myoblasts formed by

4 days of culture and were expanded by passaging with 0.25% Trypsin-EDTA (Sigma).

Cell culture.

Primary Muscle Stem Cells: After initial isolation, primary myoblasts were
maintained on Matrigel-coated tissue culture plastic plates or gelatin-coated coverslips
at 37°C with 6% Oz, 5% CO: in growth media as described above. Media was changed
only during cell passaging. To promote myoblast fusion, cells at 75% confluency were
washed three times with PBS and media switched to DMEM (Gibco) with 5% horse
serum (Gibco), 1% penicillin/streptavidin and 1% Insulin-Transferrin-Selenium (Gibco).
To induce stress granule formation, primary myotubes were stressed with 0.5mM
sodium arsenite for 1hr at 37°C.

C2C12 cells: Immortalized murine myoblasts (American Type Culture Collection)
were maintained on uncoated standard tissue culture plastic or gelatin-coated

coverslips at 37°C with 5% CO2 in DMEM with 20% fetal bovine serum and 1%
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penicillin/streptavidin. To promote myoblast fusion when the C2C12 cells reached
confluence, they were switched to 5% horse serum, 1% penicillin/streptavidin and 1%
Insulin-Transferrin-Selenium in DMEM. To induce stress granule formation, C2C12
myotubes were stressed with 0.5mM sodium arsenite for 1hr at 37°C.

U-2 OS: Human osteosarcoma cells were maintained in DMEM, High Glucose,
GlutaMAX with 10% fetal bovine serum, 1% penicillin/streptomycin, and 1mM sodium
pyruvate at 37°C/5% CO2.

Yeast: BY4741 yeast was transformed with a single plasmid expressing
Pub1Q/N-GFP (pRP1689) were grown at 30°C in minimal media with 2% glucose as a
carbon source and with leucine dropout to maintain the plasmid. SUP35 [PSI+] (5V-
H19A) and SUP35 [psi-] (yYAV831) stains were grown in minimal media supplemented

with a complete set of amino acids and 2% Dextrose at 30°C.

Immunofluorescence Staining of Cells and Proximity Ligation Assay

Primary and immortalized cells were washed with PBS in a laminar flow hood
and fixed with 4% Paraformaldehyde for 10 min at room temperature in a chemical
hood. Cells were permeabilized with 0.25% Triton-X100 in PBS containing 2% bovine
serum albumin (Sigma) for 1 hour at RT. Incubation with primary antibody occurred at
4°C overnight followed by incubation with secondary antibody at room temperature for
1hr. Primary antibodies included mouse anti-Pax7 (Developmental Studies Hybridoma
Bank, University of lowa, USA) at 1:750, rabbit anti-TDP-43 (ProteinTech) at 1:200,

mouse anti-TDP-43 (Abcam) at 1:200, rabbit A11 (Sigma-Aldrich) at 1:200, and a
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mouse anti-MHC (MF-20, Developmental Studies Hybridoma Bank, University of lowa,
USA) at 1:1. Alexa secondary antibodies (Molecular Probes) were used at a 1:1000
dilution. All antibodies were diluted in with 0.125% Triton-X100 in PBS containing 2%
bovine serum albumin. For analysis that included EdU detection, EdU staining was
completed prior to antibody staining using the Click-iT EdU Alexa fluor 488 detection kit
(Molecular Probes) following the manufacturer’s protocol. Cells were incubated with
6.6mM Phalloidin (Thermo Scientific) for 20 minutes and/or 1 ug/mL DAPI for 10 min at
room temperature then mounted in Mowiol supplemented with DABCO (Sigma-Aldrich)
as an anti-fade agent. For the proximity ligation assay, samples were incubated with
indicated antibodies at the concentrations listed above. Secondary antibody incubation
and Duolink proximity ligation assays were performed according to the manufacturer’s

protocol (Sigma).

Subcellular fractionation

Nuclear/ cytosolic fractionation was performed according to established protocol
(Burke and Sullivan, 2017) to determine localization of soluble TDP-43 in C2C12
myoblasts and differentiating myotubes. In brief, myoblasts or differentiating myotubes
(day 4) were trypsinized, washed with phosphate-buffered solution (PBS), and pelleted
by centrifugation at 1000xg, 5 min. Cells were subsequently washed in PBS and divided
into a whole lysate fraction (WCL, 1/3 total) or a cytosolic/ nuclear fraction (Cyto/Nuc,
2/3 total). Both cellular fractions were pelleted by centrifugation at 1000xg, 5 mi. The

WCL fraction was suspended into RIPA buffer [50 mM Tris pH 7.5, 1% NP-40, 0.5%
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sodium deoxycholate, 0.05% SDS, 1 mM EDTA, 150 mM NacCl, protease inhibitors
(Roche)] and placed on ice. The Cyto/ Nuc fraction was suspended in a hypotonic lysis
buffer [10mM Tris HCL 7.5, 10mM NaCl, 3mM MgClz, 0.5% NP40, protease inhibitors
(Roche)] and placed on ice for 4 minutes. Nuclei were then pelleted by centrifugation at
500xg for 5 minutes. The supernatant [cytosolic fraction (Cyto)] was removed. The
pellet [nuclear fraction] was then suspended in nuclear lysis buffer [50mM Tris HCL 7.4,
120mM NaCl, 1% SDS, 1mM EDTA, 50mM DTT, protease inhibitors (Roche)]. Nuclei
were lysed with 5 passages through an 18G needle. Cellular debris was cleared from
collected fractions with centrifugation at 1000xg, 5min. Equal volumes (20uL) of
fractions were then resolved on a 4-12% Bis-Tris SDS-PAGE and transferred to
nitrocellulose membrane (Bio-Rad). Western blotting was performed according to

standard procedures.

Single Molecule Imaging of endogenous HALO-TDP-43

A tetracycline inducible HALO-Tagged (Promega) TDP-43 fusion protein was
knocked into the ROSA26 safe harbor locus using CRISPR/Cas9 (Platt et al., 2014).
Knock-in cells were selected using puromyocin and proper genomic integration was
confirmed by PCR and western blotting. For live cell single molecule imaging studies,
puromyocin-resistant myoblasts or differentiating myotubes were grown on collagen
treated, 35mm imaging dishes (MatTek). HALO-TDP-43 was induced for 48hrs using
doxycycline (1 yg/mL). HALO-TDP-43 molecules were labeled with 50pM JF646 dye (a

generous gift from Luke Lavis) for 15 minutes in culture media (Grimm et al., 2015).
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After the pulse, cells were washed three times with media and incubated with Vibrant
Violet (1:400) containing media to visualize myonuclei for at least 1 hour prior to image
acquisition. All single molecule live imaging was performed under HILO conditions
(highly inclined and laminated optical sheet) on a Nikon N-STORM microscope
equipped with TIRF illuminator, an environmental chamber, two iXon Ultra 897 EMCCD
cameras (Andor), a 100x oil-immersion objective (Nikon, NA = 1.49), two filter wheels,
appropriate filter sets, and 405 nm (20mW), 488 nm (50 mW), 561 nm (50 mW), and
647 nm (125 mW) laser lines (Tokunaga et al., 2008). Differentiating myotubes were
identified by visualizing fused myonuclei with 405nm laser line (1% laser power). To
image HALO-TDP-43, cells were imaged continuously with 647nm (40% laser power)
for 15s at an effective frame rate of 100 frames per s. Single particle tracks were

generated using Matlab.

Biochemical characterization of TDP-43 during myogenesis

RIPA/urea solubility assays were conducted as previous described (Mackenzie et
al., 2017). In brief, C2C12 myoblasts and myotubes were lysed with RIPA buffer (50
mM Tris pH 7.5, 1% NP-40, 0.5% sodium deoxycholate, 0.05% SDS, 1 mM EDTA, 150
mM NaCl). Protein concentrations were determined using BCA assay (Thermo
Scientific) according to standard procedures. Lysates were centrifuged at 18,000 x g for
20 minutes at 4°C. The supernatant represented the RIPA soluble fraction while the
pellet was solubilized in 7M Urea in TBE and represents the UREA soluble fraction.

Western blotting was performed following resolution of protein lysates on SDS-PAGE.
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Semi-Denaturating Detergent Agarose Gel Electrophoresis (SDD-AGE) was
conducted as previous described (Halfmann and Lindquist, 2008). In brief, C2C12
myoblasts and myotubes were lysed with RIPA buffer, protein concentrations were
standardized using BCA assay, diluted to 1X in loading buffer (2X TAE, 20% glycerol,
8% SDS, bromophenol blue) and separated across a 1.5% agarose gel containing 0.1%
SDS. Gels were transferred by capillary transfer overnight to nitrocellulose in TBS.
Standard western blotting procedures were performed.

Fractionation of TDP-43 oligomers across sucrose gradients (10-35%) was
performed by adopting a previously described method (Wheeler et al., 2016, 2017).
Fractions were collected and equal volume was loaded for SDD-AGE analysis.
Immunoprecipitation followed by scanning electron microscopy of TDP-43 SDS-
resistant fraction was performed as below.

Dot blots on C2C12 protein lysates or whole muscle lysates were conducted
according to standard procedures (Fang et al., 2014). Both C2C12 cells and whole
muscle were lysed in RIPA buffer, protein concentrations were normalized using BCA

and were spotted onto nitrocellulose membranes.

Isolation of myo-granules

A protocol for isolating myo-granules from myotubes was modified from existing
protocols for isolating heavy RNP complexes (Jain et al., 2016; Wheeler et al., 2017). In
brief, myotubes or whole TA muscle were lysed under non-denaturing conditions using

CHAPS lysis buffer (10 mM Tris-HCI pH 7.5, 1 mM MgClz, 1 mM EGTA, 0.5% CHAPS,
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10% glycerol, 1 mM PMSF, 1 mM DTT) or RIPA buffer and spun to remove heavy
cellular debris (250xg, 5 minutes). Successive centrifugation was used to enrich for
heavy complexes (18,000xg, 20 minutes). The pellet was resuspended into
immunoprecipitation buffer (10mM Tris HCL 7.5; 25mM NaCl; 0.005% NP40) to create
an “myo-granule enriched fraction”. The enriched fraction was precleared for 30 minutes
with immunoprecipitation buffer equilibrated dynabeads and then incubated overnight
with antibodies against either TDP-43 (Proteintech) or A11 (Thermo Scientific). Myo-
granules were immunopurified on equilibrated dynabeads, washed in
immunoprecipitation buffer, and eluted using Pierce Gentle Ag/Ab Buffer (Thermo
Scientific) as previously described (Fang et al., 2014). Buffer was exchanged using a

10K MW spin column (Millipore Amicon).

RNA extraction and oligo-dT Northern analysis of myo-granules

RNA was isolated from myo-granules bound to dynabeads by Trizol extraction
followed by ethanol precipitation as previously described (Khong et al., 2018). RNA was
run on a 1.25% formaldehyde agarose gel, transferred to nitrocellulose membrane and
hybridized with a aP3 labeled oligo-dT probe at room temperature overnight.
Membrane was exposed on phosphorimager screen either for 1 hour (low exposure) or

overnight (high exposure) and imaged on a Typhoon FLA 9500 phosphorimager.

Electron Microscopy
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Electron microscopy sample preparation and image acquisition was performed
as previously described unless otherwise specified (Winey et al., 2014). For
experiments wherein immunofluorence on EM grids was performed, Carbon type B 300
mesh Copper TEM grids (Ted Pella) were Poly-Lysine (Sigma) treated for 30 minutes,
washed three times in phosphate buffered saline (PBS), and immunopurified myo-
granules (diluted 1:50) were adhered to grid for 1 hour at room temperature. TEM grids
with myo-granules were blocked in 3% bovine serum albumin (BSA) for 1 hour at room
temperature. Primary antibody incubation was performed at 1:100 dilution in 3% BSA
for 1 hour at room temperature. Grids were then washed three times in PBS and
incubated with secondary antibodies at 1:250 dilution in 3% BSA. Secondary only
controls were performed at the same concentration without addition of primary antibody.
Grids were washed three times with PBS and placed onto microscopy slides. Images
were acquired using a DeltaVision Elite microscope with a 100X objective. Grids were

stained with uranyl actetate and immunopositive myo-granules were examined by TEM.

Myo-granule Electron Diffraction

Lyophilized myo-granules and SOD1 segment oligomers (prepared as in
(Sangwan et al., 2017)) were mounted for diffraction by dipping a nylon loop in glycerol
and sticking some of the lyophilized sample to the glycerol (Lovci et al., 2013). Samples
were carefully aligned to avoid the nylon loop entering the X-ray beam when diffraction
images were taken. All samples were shot at the Advanced Photon Source (Argonne

National Laboratory, Lemont, IL) beamline 24-E with a 50-micron aperture. Samples
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were rotated 5 degrees over a 4 second exposure at 295K and images analyzed with

ADXV.

TDP-43 eCLIP-seq

C2C12 myoblasts were seeded at 6 x 10° cells per 15 cm plate, grown 24hrs at
37°C, 5% COz2 and either harvested (undifferentiated myoblasts) or differentiated in
differentiation media for 7 days. TDP-43 enhanced CLIP (eCLIP) was performed
according to established protocols (Van Nostrand et al., 2016).

In brief, TDP-43-RNA interactions were stabilized with UV crosslinking (254 nm,
150md/cm?). Cell pellets were collected and snap frozen in liquid N2. Cells were thawed,
lysed in eCLIP lysis buffer (50 mM Tris-HCI pH 7.4, 100 mM NacCl, 1% NP-40, 0.1%
SDS, 0.5% sodium deoxycholate, and 1x protease inhibitor) and sonicated (Bioruptor).
Lysate was RNAse | (Ambion, 1:25) treated to fragment RNA. Protein-RNA complexes
were immunoprecipitated using indicated antibody. One size-matched input (SMInput)
library was generated per biological replicate using an identical procedure without
immunoprecipitation. Stringent washes were performed as described, RNA was
dephosphylated (FastAP, Fermentas), T4 PNK (NEB), and a 3’ end RNA adaptor was
ligated with T4 RNA ligase (NEB). Protein-RNA complexes were resolved on an SDS-
PAGE gel, transferred to nitrocellulose membranes, and RNA was extracted from
membrane. After RNA precipitation, RNA was reverse transcribed using SuperScript IV
(Thermo Fisher Scientific), free primer was removed, and a 3’ DNA adapter was ligated

onto cDNA products with T4 RNA ligase (NEB). Libraries were PCR amplified and dual-
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indexed (lllumina TruSeq HT). Pair-end sequencing was performed on lllumina NextSeq

sequencer.

Bioinformatics and Statistical analysis

Read processing and cluster analysis for TDP-43 eCLIP was performed as
previously described (Van Nostrand et al., 2016). Read processing and cluster analysis
for TDP-43 eCLIP was performed as previously described. Briefly, 3' barcodes and
adapter sequences were removed using standard eCLIP scripts. Reads were trimmed,
filtered for repetitive elements, and aligned to the mm9 reference sequence using
STAR. PCR duplicate reads were removed based on the read start positions and
randomer sequence. Bigwig files for genome browser display were generated based on
the location of the second of the paired end reads. Peaks were identified using the
encode_branch version of CLIPPER (Lovci et al., 2013) using the parameter “-s mm9.”
Peaks were normalized against size matched input by calculating fold enrichment of
reads in |IP versus input, and were designated as significant if the number of reads in
the IP sample was greater than in the input sample, with a Bonferroni corrected Fisher

exact p-value less than 1078,

Microscopy and image analyses

Images were captured on a Nikon inverted spinning disk confocal microscope or
a DeltaVision Elite microscope. Objectives used on the Nikon were: 10x/0.45NA Plan

Apo, 20x/0.75NA Plan Apo and 40x/0.95 Plan Apo. Confocal stacks were projected as
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maximum intensity images for each channel and merged into a single image. Brightness
and contrast were adjusted for the entire image as necessary. Both muscle stem cell
numbers and average fiber diameter were counted manually using Fiji ImageJ.
Objectives used on the DeltaVision Elite microscope were 100X using a PCO Edge
sCMOS camera. At least 3 images were taken for each experiment comprising of 8 or
10 Z-sections each. Images were processed using Fiji Imaged. For super resolution
imaging, microscopy was performed using a Leica TCS SP8 White Light Laser with 63x
1.4 NA QOil objective coupled to HyVolution (SVI Huygens based deconvolution) and
special Leica Hybrid Detectors. Image quantification was performed using Imaris

imaging software.

Sequential immunofluorescence and single molecule FISH

Sequential immunofluorescence (IF) and smFISH on fixed myotubes was
performed as recently described (Khong et al., 2018). Briefly, C2C12 myotubes were
differentiated for 7 days in differentiation media, fixed in 4% paraformaldehyde (4%) for
10 minutes, and washed in PBS. The following antibodies were used for
immunofluorescence: rabbit anti-TDP-43 (Proteintech, 1:400), rabbit anti-A11 oligomer
(Thermo Fisher Scientific, 1:400), goat anti-rabbit Alexa 647 (Abcam, 1:1000), goat anti-
mouse IgG1 Alexa 488 (Thermo Fisher Scientific, 1:1000). All IFs were performed
sequentially except for staining with mouse anti-myosin heavy chain, F59 (DSHB) which

was diluted (1:10) in hybridization buffer. Custom Stellaris FISH probes were designed
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against mouse Titin, Myosin-3, Troponin C1 and labeled with Quasar 570 Dye using

Stellaris RNA FISH Probe Designer (Biosearch Technologies, Petaluma, CA).

Mass spectroscopy

Mass spectrometry was performed as previously described (Jain et al., 2016). In
brief, samples were immunoprecipitated on dynabeads as described above. Samples
were washed with 0.1 M ammonium bicarbonate (ABC), and resuspended in 100 uL of
0.1 M ABC, 0.2% sodium deoxycholate, 6M guanidine HCL. Samples were reduced and
alkylated with 5 mM TCEP, 40 mM chloroacetamide at 65 °C for 20 min in darkness.
Samples were trypsinized with 0.5 ug of trypsin at 37 °C for overnight. Proteolysis
reaction was quenched by acidification using formic acid. Deoxycholic acid was
removed by phase-transfer using ethyl acetate, as previously described (Yeung and
Stanley, 2010). Tryptic peptides were desalted using in-house stop-and-go extraction
(STAGE) tips, speed-vac to dryness, and samples were stored at -80 °C.

Samples were resolved by UPLC in the direct injection mode using a Waters
nanoACQUITY system. Samples were resuspended in 12 L of buffer A (0.1% formic
acid/water), of which 5 uL (42% of total) was loaded onto a Symmetry C18
nanoACQUITY trap column (130 A, 5 um, 180 pm 20 mm) with 15 pL/min of 99.5%
buffer A and 0.5% buffer B (0.1% formic acid/acetonitrile) for 3 min. Samples were then
eluted and resolved on a BEH130 C18 analytical column (130 A, 1.7 um, 75 pm x 250
mm) using a gradient with 3-8% buffer B between 0-3 min, 8-28% buffer B between 2-

185 min, and 28-60% buffer B between 185-190 min (0.3 pL/min). MS/MS was
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performed using an LTQ Orbitrap Velos, scanning MS between 400—-1800 m/z (1 x 108
ions, 60,000 resolution) in FT, and selecting the 20 most intense MH22* and MH33+ ions
for MS/MS in LTQ with 180 s dynamic exclusion, 10 ppm exclusion width, repeat count
= 1. Maximal injection time was 500 ms for FT precursor scans with one microscan, and
250 ms for LTQ MS/MS with one microscan and AGC 1 x 10%. The normalized collision
energy was 35%, with activation Q=0.25 for 10 ms.

Raw data from mass spectrometry were processed using MaxQuant/Andromeda
(ver 1.5.0.12) (Cox and Mann, 2008; Cox et al., 2011) and searched against Uniprot
mouse database (downloaded on October 2015, 46,471 entries) with common
contaminant entries. The search used trypsin specificity with maximum two missed
cleavages, included carbamidomethylation on Cys as a fixed modification, and N-
terminal acetylation and oxidation on Met as variable modifications. Andromeda used
seven ppm maximum mass deviation for the precursor ion, and 0.5 Da as MS/MS
tolerance, searching eight top MS/MS peaks per 100 Da. False discovery rates were set
to 0.01 for both protein and peptide identifications, with seven amino acid minimum

peptide length, and two minimum total peptides.

TDP-43 CRISPR-Cas9 knockout and EdU incorporation

CRISPR-Cas9 knockout was performed in C2C12 myoblasts. Single guide RNA
(sgRNA) against TDP-43 (5’- GTGTATGAGAGGAGTCCGAC) were designed using
(crispr.mit.edu) and cloned into pSpCas9(BB)-2A-Puro (PX459). T7 endonuclease

assays (T7EN) was used to confirm correct targeting to the TDP-43 locus. C2C12
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myoblasts were transfected with JetPrime using standard protocols. Myoblasts were
selected with puromyocin (1 ug/mL) for one week. C2C12 myoblasts were incubated
with 10uM 5-ethynyl-2'-deoxyuridine (EdU — Life Technologies) for three hours. Cells

were washed, fixed and stained using the methods described above.

Recombinant TDP-43 Purification

Full-length human TDP-43 was subcloned into pE-SUMO (LifeSensors). His6-
SUMO N-terminally tagged TDP-43 was transformed in BL21(DE3)RIL E. coli, which
were grown up from an overnight culture in LB-amp at 37°C until an ODeoo of 0.3 was
reached. At this time, the culture was shifted to 15°C and grown until the ODsoo was 0.4-
0.5. TDP-43 was then induced with 1mM IPTG for 16 hours at 15°C. The E. coli cells
were then lysed by sonication on ice in 50mM HEPES (pH 7.5), 2% Triton X-100,
500mM NaCl, 30mM imidazole, 5% glycerol, 2mM B-mercaptoethanol, and protease
inhibitors (cOmplete, EDTA-free, Roche). TDP-43 was purified over Ni-NTA agarose
beads (Qiagen) and eluted from the beads using 50mM HEPES (pH 7.5), 500 mM
NaCl, 300mM imidazole, 5% glycerol, and 5mM DTT. The protein was subsequently
buffer exchanged into 50mM HEPES (pH 7.5), 500mM NaCl, 5% glycerol, and 5mM
DTT, flash frozen in liquid N2, and stored as aliquots in -80°C until use. Protein
concentration was determined by Bradford assay (Bio-Rad). The purity of TDP-43 was

confirmed on a 4-20% polyacrylamide gel.

Thioflavin-T incorporation
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Myo-granules were isolated from myotubes and diluted in phosphate buffered
saline. Three separate biological replicates were performed constituting purification from
three separate myotube cultures. 25 uM Thioflavin-T (Abcam) was added to
recombinant 15uM HIS-SUMO-TDP-43, myo-granule, or myo-granule plus recombinant
15uM HIS-SUMO-TDP-43. Surface denaturation was performed with continuous
shaking at 37°C with Thioflavin-T incorporation monitored every 10 minutes at 495 nm
after excitation at 438 nm on a Gen5 microplate reader (BioTek). Raw fluorescence
values obtained for experimental conditions were background subtracted and plotted as
a function of time. The resulting curves were fit to following single exponential rate
equation (Equation 1) using Kaleidagraph (Synergy Software).

Equation 1: —A x e(7kobsxt) 4 p

where A is amplitude, kobs (Min-') is single exponential rate constant, and B

represents maximal amount of fluorescence detected (Smith and Jackman, 2011).

Accession Numbers

Enhanced CLIP data has been deposited in the GEO

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cqgi?acc=GSE106553) under accession

number GEO: GSE106553.
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Chapter 4:

hnRNPA2B1 in Normal Skeletal Muscle
Formation and Regeneration
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Summary

RNA binding proteins regulate many aspects of RNA metabolism and mutations
in these proteins cause numerous degenerative diseases. The nuclear RNA-binding
protein, heterogeneous nuclear ribonucleoprotein A2B1 (hnRNPA2B1) is mutated in the
degenerative disease, multisystem proteinopathy (MSP). Mutations cause abnormal
aggregation and cytoplasmic localization of hnRNPA2B1 in skeletal muscle cells
(myofibers) of patients with MSP. The cytoplasmic aggregates of hnRNPA2B1 are
thought to be toxic and impair the normal functions of hnRNPA2B1. However, the role of
hnRNPA2B1 in healthy skeletal muscle is unknown. Here we show hnRNPA2B1 is
upregulated during normal skeletal muscle regeneration and binds primarily to the 3’
UTR of a distinct class of RNAs that regulate splicing in skeletal muscle. Knockout of
hnRNPA2B1 does not alter the proliferation of muscle progenitor cells (myoblasts) but
delays skeletal muscle differentiation and muscle formation. These observations
suggest an unexplored role for hnRNPA2B1 as a regulator of splicing during skeletal
muscle differentiation. Thus, the loss of RNA splicing regulation could be a driver for

muscle degeneration in diseases where hnRNPA2B1 is mutated or dysfunctional.
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Introduction

Heterogeneous nuclear ribonucleoprotein A2B1 (hnRNPA2B1) is a
multifunctional, nuclear RNA-binding protein that plays a variety of roles in RNA
metabolism such as RNA spicing, polyadenylation, translation and export (Glisovic et
al., 2008; Keene, 2007; Martinez et al., 2016; Nguyen et al., 2018). Mutations in
hnRNPA2B1 result in cytoplasmic hnRNPA2B1 aggregates in the neurons and skeletal
muscle myofibers of patients with multisystem proteinopathy (MSP) (Kim et al., 2013; Li
et al., 2016). Additionally, cytoplasmic hnRNPA2B1 aggregates are found in patients
with amyotrophic lateral sclerosis (ALS) (Martinez et al., 2016), limb- girdle muscular
dystrophy (LGMD) (Bengoechea et al., 2015) and oculopharyngeal muscular dystrophy
(OPMD) (Fan and Rouleau, 2003). The mutations of hnRNPA2B1 found in
neuromuscular diseases occur in the C-terminal low complexity domain (LCD) and
increase the aggregation potential of hLnRNPA2B1. The cytoplasmic aggregates of
hnRNPA2B1 are thought to be a key driver of neuromuscular degeneration (Kim et al.,
2013).

The relationship between pathological hnRNPA2B1 aggregates and the normal
function of hLnRNPA2B1 remains poorly understood. Characterization of hnRNPA2B1 in
neurons led to the hypothesis that mutations in the LCD caused cytosolic
mislocalization and aggregation of hnRNPA2B1. This has a two-pronged effect on cells:
(1) it impairs the normal nuclear function of hnRNPA2B1 to interact with RNA and (2) it
increases the aggregation of hnRNPA2B1 resulting in the formation of toxic amyloid-like

aggregates (Kim et al., 2013; Martinez et al., 2016). While these studies have
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broadened our understanding of hnRNPA2B1 RNA targets and the role of hnRNPA2B1
in neurons, the functional role of wild-type hnRNPA2B1 and a detailed description of the
RNA-binding targets of hnRNPA2B1 in skeletal muscle is lacking.

A paralogous RNA-binding protein to hnRNPA2B1, hnRNPA1, is a crucial protein
for RNA splicing and is found in pathological aggregates of muscle diseases (Li et al.,
2016). Knockout of hnRNPA1 causes embryonic lethality due to severe muscle defects.
However, hnRNPA2B1 did not compensate for the loss of hLnRNPA1, suggesting these
two proteins may have distinct functions in skeletal muscle (Liu et al., 2017b). Here, we
explored the basic properties of hLnRNPA2B1 in wild type skeletal muscle. We find
hnRNPA2B1 is a highly expressed RNA-binding protein in skeletal muscle formation,
which binds to a unique subset of RNA transcripts linked to the regulation of splicing.
Loss of hnRNPA2B1 impairs skeletal muscle differentiation and formation. Thus, the
loss of RNA splicing regulation could be a driver for the muscle degeneration in

diseases where hnRNPA2B1 is mutated or dysfunctional.

Results

Cytoplasmic localization and aggregation of hnRNPA2B1, similar to related RBPs
such as TDP-43, is a pathological hallmark of several degenerative skeletal muscle
diseases (Bengoechea et al., 2015; Fan and Rouleau, 2003; Kim et al., 2013). We
hypothesized that analogous to TDP-43, which localizes to the cytosol during normal
formation (Vogler et al., 2018), hnRNPA2B1 redistribution to the cytosol may be a part

of normal physiological process during muscle regeneration. To test this, we examined
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the subcellular distribution of hnRNPA2B1 in uninjured tibialis anterior muscle and
tibialis anterior muscle that was chemically injured with barium chloride (BaClz) and
allowed to regenerate (Caldwell et al., 1990). In uninjured tibialis anterior muscle,
hnRNPA2B1 is localized to the nucleus, similar to TDP-43 (Figure 4.1a). At five days
post injury, hnRNPA2B1 remains localized to the nucleus and is not found in the
cytoplasm like TDP-43 (Figure 4.1b). Although the localization does not change,
expression of hnRNPA2B1 increases in both Pax7+ muscle progenitor cells and
myonuclei during regeneration (Figure 4.1a, b). Then as skeletal muscle repairs,
hnRNPA2B1 levels decrease and return to near uninjured levels (Figure 4.1a-d). This
specific increase in protein levels during muscle regeneration suggests that
hnRNPA2B1 is important for the formation of new muscle. However, the localization of
hnRNPA2B1 in muscle regeneration appears to differ from TDP-43.

The observation that hnRNPA2B1 increases during muscle regeneration
suggested that hnRNPA2B1 has a role in regulating RNAs during muscle formation.
However, it is unknown which RNAs hnRNPA2B1 binds during skeletal muscle
formation. Thus, we characterized the RNA-binding targets of hnRNPA2B1 in myoblasts
and multinucleated myotubes using enhanced CLIP (eCLIP) (Figure 4.2a) (Van
Nostrand et al., 2016). hLnRNPA2B1 eCLIP peaks were highly correlated between
biological replicates and identified known hnRNPA2B1 mRNA targets including
hnRNPA2B1’s own 3’ UTR (Figure 4.2b-d). Similar to reports in neurons (Martinez et
al., 2016), hnRNPA2B1 peaks were enriched in the 3° UTR of RNAs in both myoblasts

and myotubes (Figure 4.2¢).
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a. Laminin, DAPI Laminin, Pax7 Laminin, A2B1

o 10 DPI o 5 DPI (=3 Uninjured

30 DPI

Figure 4.1. Localization of hnRNPA2B1 during skeletal muscle regeneration.

(a-d) Immunoreactivity for hnRNPA2B1 during in skeletal muscle in vivo. (a) hnRNPA2B1 localization
in the myonucleus (arrow) and MuSC (arrowhead) in uninjured muscle. (b) hnRNPA2B1 localization in
the myonucleus (arrow) and MuSC (arrowhead) in 5 days post injury (DPI) muscle. (¢) hnRNPA2B1
localization in the myonucleus (arrow) and MuSC (arrowhead) in 10 DPI muscle. (d) hnRNPA2B1
localization in the myonucleus (arrow) and MuSC (arrowhead) in 30 DPI muscle. All images were
scaled above background. Nuclei counterstained with DAPI. Scale bars are 25 ym.
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Figure 4.2. Enhanced CLIP reveals hnRNPA2B1 interacts primarily with the 3’

UTR of RNA in skeletal muscle.

(a) Schematic for hnRNPA2B1 enhanced CLIP in during skeletal muscle differentiation. (b) Myoblast
and myotube eCLIP are highly correlated for significant peaks (defined as significantly enriched over
size matched input, p<108. (c) and (d) Representative gene tracks in both myoblasts and myotubes for
hnRNPA2B1 reveals hnRNPA2B1 interacts with its own RNA transcript through binding to its own
3’'UTR. (e) Location of peaks in hnRNPA2B1 RNA targets reveals a strong bias towards 3’'UTR

interactions
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TDP-43 and hnRNPA2B1 are similar RNA-binding proteins that are both
associated with skeletal muscle diseases, but seem to have different localizations
during skeletal muscle formation. These differences led us to ask whether TDP-43 and
hnRNPA2B1 bind to the same or different RNA transcripts during muscle formation.
While several RNA targets are shared between hnRNPA2B1 and TDP-43, the majority
of target transcripts are distinct between these two RBPs suggesting they may be
regulating distinct classes of RNAs during myogenesis (Figure 4.3a, b). TDP-43
interacts with transcripts that encode sarcomeric proteins (Vogler et al., 2018), whereas
hnRNPA2B1 interacts with RNAs related to alternative splicing and splice site selection
(Table 4.1). Together, the localization and RNA interaction of hnRNPA2B1 suggests it
regulates splicing in the nucleus of myogenic cells during muscle formation.

To further examine the effects of hnRNPA2B1 in skeletal muscle formation we
created an hnRNPA2B1 knockout (KO) C2C12 muscle cell line using CRISPR-Cas9.
Three C2C12 myoblast clones were stably transfected with one or two hnRNPA2B1
specific guide RNAs (Figure 4.4a). Control cells were stably transfected with scrambled
guide RNA (Figure 4.4a). Knockout efficiency was highly variable between hnRNPA2B1
sgRNAs; however, hnRNPA2B1sgRNA #1 effectively reduced hnRNPA2B1 protein
levels to nearly undetectable levels compared to cells transfected with a scrambled
control (Figure 4.4b). Three separate clones were isolated from cells transfected with
hnRNPA2B1sgRNA #1 and were immunostained using a monoclonal and a polyclonal
antibody against hnRNPA2B1 protein. Although both antibodies clearly showed reduced

protein levels by Western blot, only the monoclonal hnRNPA2B1 antibody detected a
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GO biological process complete

alternative mRNA splicing, via spliceosome
mRNA splicing, via spliceosome

mRNA processing

mRNA metabolic process

RNA splicing, via transesterification reactions with bulged adenosine as nucleophile
RNA splicing, via transesterification reactions
RNA splicing

mRNA splice site selection

cellular component organization

cellular component organization or biogenesis
cellular component assembly

regulation of alternative mRNA splicing, via spliceosome
regulation of mRNA splicing, via spliceosome
regulation of RNA splicing

muscle cell differentiation

muscle structure development
supramolecular fiber organization

actin cytoskeleton organization

cytoskeleton organization

actin filament-based process

Table 4.1. GO term analysis of RNAs that interact with hnRNPA2B1 in

myotubes

Fold Enrichment P value

55.62
11.53
6.84
6.23
11.53
11.46
8.53
41.11
2.2
2.12
2.81
33.77
19.17
17.35
7.79
5.64
6.99
6.99
4.33
6.18

8.36E-03
4.72E-03
5.79E-03
1.50E-03
4.72E-03
4.93E-03
6.68E-04
2.75E-02
4.49E-04
1.34E-03
3.76E-02
4.01E-03
7.31E-03
2.17E-04
2.24E-02
3.67E-02
4.71E-03
1.39E-03
6.83E-03
5.07E-03

Analysis of RNA transcripts identified by eCLIP on hnRNPA2B1 from n = 2 biological replicates.
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Myoblasts Myotubes

hnRNPA2B1 hnRNPA2B1

TDP-43 TDP-43

Figure 4.3. Enhanced CLIP reveals hnRNPA2B1and TDP-43 mainly interact
with distinct RNAs in muscle.

(a) Overlap of RNA targets in myoblasts between TDP-43 and hnRNPA2B1. (b) Overlap of RNA
targets in myotubes between TDP-43 and hnRNPA2B1.
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Figure 4.4. Knockout of hnRNPA2B1 in C2C12 myoblasts.

(a) Schematic for hnRNPA2B1 knockout in C2C12 myoblasts using CRISPR-Cas9. Two distinct guides
targeting the hnRNPA2B1 locus were used. A scrambled guide RNA was used as a control. (b)
Western blot analysis of hnRNPA2B1 protein in KO and scrambled control myoblasts. Two separate
antibodies were used to probe for hnRNPA2B1: a rabbit polyclocal antibody (pAB) and a mouse
monoclonal antibody (mAB). GAPDH served as a loading control ¢. hnRNPA2B1 immunoreactivity
using the rabbit polyclocal antibody in KO and control cells d. hnRNPA2B1 immunoreactivity using the
mouse monoclonal antibody in KO and control cells. Nuclei counterstained with DAPI. Scale bars are
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knockout of protein by immunofluorescence (Figure 4.4c). The polyclonal hnRNPA2B1
antibody recognized a nuclear antigen regardless of hnRNPA2B1 knockout (Figure
4.4d). Thus, the specificity of the polyclonal antibody used in the current (Figure 4.2),
and previously published (Nguyen et al., 2018), eCLIP data sets, is low.

We next asked, what is the functional effect of hnRNPA2B1 knockout in skeletal
muscle cells? As hnRNPA2B1 knockdown is linked to decreased proliferation in cancer
cells (Barcel6 et al., 2014; Golan-Gerstl et al., 2011), we assessed proliferation in
hnRNPA2B1 knockout and control myoblasts. We treated cells with 5-ethynyl-2’-
deoxyuridine (EdU) to mark dividing cells (Figure 4.5a). Surprisingly, the absence of
hnRNPA2B1 had no significant effect on myoblast proliferation (Figure 4.5b). Thus, in
muscle progenitor cells, hnRNPA2B1 is dispensable for cell proliferation.

Because hnRNPA2B1 is highly expressed during the early phase of muscle
regeneration we next examined how loss of hnRNPA2B1 affects myoblast differentiation
and muscle formation. After differentiation for 48 hours, hnRNPA2B1 knockout cells
failed to make large multinucleated myotubes (Figure 4.6a). The hnRNPA2B1 knockout
cells formed smaller myotubes containing fewer nuclei than control myotubes (Figure
4.6b, c). This appeared to be a defect in differentiation rather than fusion as
hnRNPA2B1 knockout cells had delayed expression of the myosin heavy chain (MyHC)
and the myogenic transcription factor myogenin (MyoG) (Figure 4.6d, e). Therefore,
absence of h(nRNPA2B1 impairs myoblast differentiation resulting in impaired skeletal

muscle formation.
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Figure 4.5. Knockout of hnRNPA2B1 in C2C12 myoblasts does not affect
proliferation.

(a) Representative images of hnRNPA2B1 knockout (KO) and control (WT) myoblasts treated with
EdU for 3 hours before cells were fixed. (b) Quantification of C2C12 myoblasts in (a) reveals non-
significance (n.s.) between hnRNPA2B1 KO and scrambled control myoblasts. Scale bars are 50 ym.
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Figure 4.6. Knockout of hnRNPA2B1 inhibits myogenic differentiation.

(a) Representative images of hnRNPA2B1 knockout and control cells after 48 hours of differentiation.
Myotubes stained with myosin heavy chain (MyHC) and nuclei counterstained with DAPI. (b) 72 hour
time-course shows a delay in the fusion index in hnRNPA2B1 KO cells. (¢) 72 hour time-course shows
a delay in the number of nuclei in myosin heavy chain (MHC)-expressing cells in hnRNPA2B1 KO cells
(d) 72 hour time-course shows a delay in the number of cells expressing MyHC in hnRNPA2B1 KO
cells. (e) 72 hour time-course shows a delay in the number of cells expressing myogenin (MyoG) in
hnRNPA2B1 KO cells. Controls are sgScrambled C2C12 cells.
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Discussion

The role of hnRNPAZ2B1 in regulating skeletal muscle differentiation

Here we show, hnRNPA2B1 is upregulated during normal skeletal muscle
regeneration and binds primarily to the 3’ UTR of a distinct class of RNAs that regulate
splicing in skeletal muscle. Knockout of hnRNPA2B1 does not alter the proliferation of
muscle progenitor cells (myoblasts) but delays skeletal muscle differentiation and
muscle formation. While this study unveils a function of hnRNPA2B1 in normal skeletal
muscle, many questions still remain. Chiefly, how the interaction between hnRNPA2B1
and RNAs that encode splicing factors, alters muscle differentiation and formation. It will
be important to understand if the failure of hnRNPA2B1 to bind these RNA targets will
reduce expression levels or protein levels. If knockout of hnRNPA2B1 reduces the
expression or translation of key splicing regulators during muscle differentiation, this
could explain how hnRNPA2B1 knockout impairs muscle differentiation and formation.

Many myogenic genes are alternatively spliced during skeletal muscle
differentiation and formation (Bland et al., 2010). In fact, the MEF2 family of
transcription factors are known to be alternatively spliced during muscle differentiation
which drives the expression specific myogenic transcripts important for differentiation
(Nakka et al., 2018). Interestingly, our data shows that hLnRNPA2B1 interacts with the
MEF2a transcript in myotubes. However, hnRNPA2B1 may work more globally by
regulating the transcripts of proteins such as DDX5 (another myotube transcript with a
hnRNPA2B1 peak in our data), which functions as a splicing-enhancer during terminal

differentiation (Dardenne et al., 2014). Continued efforts to explore and validate how
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hnRNPA2B1 regulates RNA targets of splicing will engender a higher degree of

understanding for this mechanism.

Divergent roles of hnRNPA2B1 and TDP-43 in skeletal muscle

TDP-43 and hnRNPA2B1 appear to be related RNA-binding proteins in that they
have similar structures, function as regulators of RNA splicing and they both aggregate
in degenerative diseases (Bengoechea et al., 2015; Kim et al., 2013; Kuo et al., 2009;
Martinez et al., 2016; Neumann et al., 2006; Wu et al., 2018). However, in skeletal
muscle formation, these two RNA-binding proteins appear to have distinct roles. TDP-
43 interreacts with large transcripts that encode sarcomeric proteins, where
hnRNPA2B1 interreacts with transcripts implicated in splicing. TDP-43 moves into the
cytoplasm during muscle regeneration and forms myo-granules with large RNAs,
whereas hnRNPA2B1 remains in the nucleus during muscle regeneration and is not
associated with myo-granules (Vogler et al., 2018). The knockout of TDP-43 causes
cell-cycle and cell death of myoblasts, whereas the knockout of hnRNPA2B1 has no
effect on the proliferation of myoblasts. In the future, it will be important to understand
how these two seemingly similar RNA-binding proteins exact such differences on

skeletal muscle cells.

The role of hnRNPA2B1 function in disease

Our experiments on hnRNPA2B1 underscore several broader principles relating

to skeletal muscle formation, maintenance, and neuromuscular disease. First, cytosolic
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localization and aggregation is believed to be a key driver of disease in several
degenerative diseases plaguing the central nervous system and skeletal muscle
(Bengoechea et al., 2015; Kim et al., 2013; Neumann et al., 2006; Weihl et al., 2008).
While classically this localization is defined as pathogenic, our recent observations with
TDP-43 suggest that the redistribution of this protein in disease is likely a consequence
of a heightened requirement for normal cellular repair (Vogler et al., 2018). As such, we
suggested additional RNA-binding proteins, which have been classically described as
mislocalized, may in fact be reflecting a normal cellular repair program upregulated in
disease by the increased need for regeneration and repair. However, this study shows
that not all RNA-binding proteins follow this cytosolic localization pattern in normal
regeneration. hnRNPA2B1 remains in the nucleus and interacts with the transcripts of
nuclear proteins in muscle formation. Thus, the localization and function of other RNA-
binding proteins associated with cytoplasmic localization in degenerative disease (e.g.
TIA1, Martin-3, hnRNPA1, hnRNPDL) warrant case-by-case examinations during
skeletal muscle regeneration.

Since hnRNPA2B1 remains localized to the nucleus in healthy skeletal muscle,
then its cytoplasmic localization in disease is likely altering its normal functions in
skeletal muscle (Kim et al., 2013). Therefore, cytoplasmic localization of hnRNPA2B1 in
disease could be disrupting skeletal muscle differentiation and splicing of myogenic
transcripts. Over time, this could have degenerative effects on skeletal muscle. It will be
important to examine the differentiation potential and RNA splicing in skeletal muscle

cells from patients with MSP as well as other disease where cytoplasmic hnRNPA2B1 is
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observed. Together, this may uncover a new therapeutic strategy for treating skeletal

muscle conditions with cytoplasmic hnRNPA2B1.

Methods

=
(@)
D

Mice were bred and housed according to National Institutes of Health (NIH)
guidelines for the ethical treatment of animals in a pathogen-free facility at the
University of Colorado at Boulder. The University of Colorado Institutional Animal Care
and Use Committee (IACUC) approved all animal protocols and procedures. Wild-type
mice were C57BI/6 (Jackson Labs, ME, USA). Tibialis anterior (TA) muscles were
isolated from 3-6-month-old male and female wild-type mice. Control mice were age

and sex matched from the mice and crosses described above.

Mouse Injuries

Mice at 3-6 months old were anesthetized with isofluorane and the left TA muscle
was injected with 50uL of 1.2% BaClz and then the injured and contralateral TA muscles

were harvested at the indicated time points.

Immunofluorescence staining of tissue sections

TA muscles were dissected, fixed on ice for 2hrs with 4% paraformaldehyde, and
then transferred to PBS with 30% sucrose at 4°C overnight. Muscle was mounted in

O.C.T. (Tissue-Tek®) and cryo-sectioning was performed on a Leica cryostat to
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generate 10um thick sections. Tissues and sections were stored at -80°C until staining.
Tissue sections were post-fixed in 4% paraformaldehyde for 10 minutes at room
temperature (RT) and washed three times for 5 min in PBS. Immunostaining with anti-
Pax7, anti-Laminin and anti-hnRNPA2B1 antibodies required heat-induced epitope
retrieval where post-fixed slides were placed in citrate buffer, pH 6.0, and subjected to 6
min of high pressure-cooking in a Cuisinart model CPC-600 pressure cooker. For
immunostaining, tissue sections were permeabilized with 0.25% Triton-X100 (Sigma) in
PBS containing 2% bovine serum albumin (Sigma) for 60 min at RT. Incubation with
primary antibody occurred at 4°C overnight followed by incubation with secondary
antibody at room temperature (RT) for 1hr. Primary antibodies included mouse anti-
Pax7 (Developmental Studies Hybridoma Bank, University of lowa, USA) at 1:750,
rabbit anti-laminin (Sigma-Aldrich) at 1:200, rabbit anti- hnRNPA2B1 (Abcam) at 1:200
and mouse anti-hnRNPA2B1 (Abcam) at 1:200. Alexa secondary antibodies (Molecular
Probes) were used at a 1:1000 dilution. Sections were incubated with 1 pg/mL DAPI for
10 min at room temperature then mounted in Mowiol supplemented with DABCO

(Sigma-Aldrich) or ProLong Gold (Thermo) as an anti-fade agent.

Microscopy and image analyses

Images were captured on a Nikon inverted spinning disk confocal microscope.
Objectives used on the Nikon were: 10x/0.45NA Plan Apo, 20x/0.75NA Plan Apo and

40x/0.95 Plan Apo. Confocal stacks were projected as maximum intensity images for
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each channel and merged into a single image. Brightness and contrast were adjusted

for the entire image as necessary. Images were processed using Fiji ImageJ.

hnRNPA2B1 eCLIP-seq

C2C12 myoblasts were seeded at 6 x 10° cells per 15 cm plate, grown 24hrs at
37°C, 5% COz2 and either harvested (undifferentiated myoblasts) or differentiated in
differentiation media for 2 days. hnRNPA2B1 enhanced CLIP (eCLIP) was performed
according to established protocols (Van Nostrand et al., 2016). In brief, LnRNPA2B1 -
RNA interactions were stabilized with UV crosslinking (254 nm, 150mJ/cm?). Cell pellets
were collected and snap frozen in liquid N2. Cells were thawed, lysed in eCLIP lysis
buffer (50 mM Tris-HCI pH 7.4, 100 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium
deoxycholate, and 1x protease inhibitor) and sonicated (Bioruptor). Lysate was RNAse |
(Ambion, 1:25) treated to fragment RNA. Protein-RNA complexes were
immunoprecipitated using indicated antibody. One size-matched input (SMInput) library
was generated per biological replicate using an identical procedure without
immunoprecipitation. Stringent washes were performed as described, RNA was
dephosphylated (FastAP, Fermentas), T4 PNK (NEB), and a 3’ end RNA adaptor was
ligated with T4 RNA ligase (NEB). Protein-RNA complexes were resolved on an SDS-
PAGE gel, transferred to nitrocellulose membranes, and RNA was extracted from
membrane. After RNA precipitation, RNA was reverse transcribed using SuperScript IV
(Thermo Fisher Scientific), free primer was removed, and a 3’ DNA adapter was ligated

onto cDNA products with T4 RNA ligase (NEB). Libraries were PCR amplified and dual-
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indexed (lllumina TruSeq HT). Pair-end sequencing was performed on lllumina NextSeq

sequencer.

Cell culture.

C2C12 cells: Immortalized murine myoblasts (American Type Culture Collection)
were maintained on uncoated standard tissue culture plastic or gelatin-coated
coverslips at 37°C with 5% CO2 in DMEM with 20% fetal bovine serum and 1%
penicillin/streptavidin. To promote myoblast fusion when the C2C12 cells reached
confluence, they were switched to 5% horse serum, 1% penicillin/streptavidin and 1%

Insulin-Transferrin-Selenium in DMEM.

hnRNPA2B1 CRISPR-Cas9 knockout and EdU incorporation

CRISPR-Cas9 knockout was performed in C2C12 myoblasts. Single guide RNA
(sgRNA) against hnRNPA2B1 were designed using (crispr.mit.edu) and cloned into
pSpCas9(BB)-2A-Puro (PX459). C2C12 myoblasts were transfected with JetPrime
using standard protocols. Myoblasts were selected with puromyocin (1 ug/mL) for one
week. C2C12 myoblasts were incubated with 10uM 5-ethynyl-2'-deoxyuridine (EdU —
Life Technologies) for two hours. Cells were washed, fixed and stained. For analysis
that included EdU detection, EdU staining was completed prior to antibody staining
using the Click-iT EdU Alexa fluor 488 detection kit (Molecular Probes) following

manufacturer protocols.
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Biochemical characterization of hnBRNPA2B1 during myogenesis

In brief, C2C12 myoblasts and myotubes were lysed with RIPA buffer (50 mM
Tris pH 7.5, 1% NP-40, 0.5% sodium deoxycholate, 0.05% SDS, 1 mM EDTA, 150 mM
NaCl). Protein concentrations were determined using BCA assay (Thermo Scientific)
according to standard procedures. Lysates were centrifuged at 18,000 x g for 20
minutes at 4°C. Western blotting was performed following resolution of protein lysates

on SDS-PAGE.

Immunofluorescence Staining of Cultured Cells

C2C12 cells were washed with PBS in a laminar flow hood and fixed with 4%
Paraformaldehyde for 10 min at room temperature in a chemical hood. Immunostaining
for hnRNPA2B1 requires heat-induced epitope retrieval where post-fixed cells were
placed in citrate buffer, pH 6.0, and subjected to 6 min of steaming. Cells were then
permeabilized with 0.25% Triton-X100 in PBS containing 2% bovine serum albumin
(Sigma) for 1 hour at RT. Incubation with primary antibody occurred at 4°C overnight
followed by incubation with secondary antibody at room temperature for 1hr. Primary
antibodies included mouse anti-hnRNPA2B1 (Abcam) at 1:200, rabbit anti-hnRNPA2B1
(Abcam) at 1:200, mouse anti-MyoG (Developmental Studies Hybridoma Bank,
University of lowa, USA) at 1:270, and a mouse anti-MHC (MF-20, Developmental
Studies Hybridoma Bank, University of lowa, USA) at 1:1. Alexa secondary antibodies
(Molecular Probes) were used at a 1:1000 dilution. All antibodies were diluted in with

0.125% Triton-X100 in PBS containing 2% bovine serum albumin. Cells were incubated
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with 1 ug/mL DAPI for 10 min at room temperature then mounted in Mowiol

supplemented with DABCO (Sigma-Aldrich) as an anti-fade agent.

136



Chapter 5:

Discussion
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Although the basic cellular framework of muscle regeneration is known
(summarized in Chapter 1), many of the molecular mechanisms that drive this process
are not well understood. The principal theme of my thesis work was to explore
molecular mechanisms that control normal muscle regeneration. | then applied what |
learned in normal regeneration to understand pathophysiology in disease. | first
examined how FGF signaling controls MuSCs numbers during normal muscle
regeneration and then showed how increasing FGF signaling in MuSCs in aged mice
affects age-related muscle degeneration. Next, | examined how the RNA-binding
proteins TDP-43 and hnRNPA2B1 regulate RNAs during normal muscle regeneration.
Since these two RNA-binding proteins are implicated or mutated in degenerative
neuromuscular diseases, | then studied the links between their role in normal
regeneration and how they contribute to disease. Together, this work underscores the
importance of studying the mechanisms of normal physiology to understand disease
pathophysiology; however, many questions about the mechanisms of normal muscle
regeneration still remain.

Understanding RNA regulation in skeletal muscle is an active area of research
(Anderson et al., 2016; Apponi et al., 2011; Chenette et al., 2016; Pedrotti et al., 2015);
however, much of this work does not examine RNA regulation during muscle
regeneration. The few studies that examine RNA regulation during muscle regeneration
have focused on RNAs in MuSCs (Hausburg et al., 2015; Morrée et al., 2017). These
studies examine how RNA-binding proteins regulate the MyoD transcript during MuSC

activation. As this is a very early event in muscle regeneration, many questions still
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remain regarding RNA regulation in skeletal muscle regeneration. Chiefly, when a new
myofiber is constructed during regeneration, many large RNA must be transcribed,
processed, transported and translated. These RNAs are some of the largest in the
human body and encode structural proteins, such as those in the sarcomere and
dystroglycan complex, that are critical for the integrity and functionality of skeletal
muscle. Without a highly organized means of RNA regulation, these RNAs cannot be
made into proteins to rebuild functional muscle during regeneration.

During muscle regeneration there is an increase in the translation of large RNAs
that encode sarcomeric proteins, like titin, nebulin and myosin heavy chain. Many RNA-
binding proteins interact with these RNA transcripts as they are being transcribed. The
RNA-binding proteins help process the RNA by regulating splicing, polyadenylation and
5’ capping (Apponi et al., 2011; Pedrotti et al., 2015). The failure of RNA-binding
proteins to regulate these processes results in global RNA misregulation and poor
muscle formation. Here we show, hnRNPA2B1 is upregulated during normal skeletal
muscle regeneration and binds primarily to the 3’ UTR of a distinct class of RNAs that
regulate splicing in skeletal muscle. Knockout of hnRNPA2B1 does not alter the
proliferation of myoblasts but delays skeletal muscle differentiation and muscle
formation. We do not know the mechanisms for how hnRNPA2B1 knockout causes
impaired muscle formation, but global splicing changes likely contribute. Profiling the
transcriptome of hLnRNPA2B1 knockout muscle cells will be an important next step. It

will also be important to examine how similar RNA-binding proteins, such as hnRNPA1
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(Liu et al., 2017b), affect splicing or compensate for the loss of hnRNPA2B1 in skeletal
muscle.

After RNAs are transcribed and processed into an mRNA, they must be
transported from the nucleus to the cytoplasm, where the mRNA is translated into a
protein. These mRNAs form ribonucleoprotein (RNPs) assemblies with RNA-binding
proteins as they are transported out of the nucleus. RNP assemblies are important for
mMRNA stability and for the prevention of aberrant RNA-RNA interactions. During muscle
regeneration, many large mMRNAs encoding sarcomeric proteins must be packaged and
transported to the cytoplasm. How skeletal muscle cells regulate these large mRNAs
during regeneration is not well studied. In Chapter 3, | discuss our discovery that the
RNA-binding protein TDP-43 and RNAs that encode sarcomeric proteins, come
together to form amyloid-like, RNP assemblies, called myo-granules, during muscle
regeneration (Vogler et al., 2018). There is still much to be learned about myo-granules
but how they regulate the stability and transport of large mRNAs is a particularly open
area of research.

Myo-granules range in size from 50-250nm in diameter and are predominantly
located in the cytoplasm of regenerating myofibers. It is unknown if myo-granules only
form in the cytoplasm or if they form in the nucleus and are then transported into the
cytoplasm. We have super-resolution microscopy evidence that suggests myo-granules
are present in the nucleus during regeneration; however, electron microscopy validation
is needed. If myo-granules form in the nucleus, it is likely they are not transported to the

cytoplasm via the nuclear pore as the maximum export size is around 50nm (Solmaz et
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al., 2011, 2013). However, large RNP assemblies have been shown to bud from the
nuclear envelope in drosophila muscle (Jokhi et al., 2013). The budding mechanism is
similar to how a virus particle exits the nucleus and may be used by large myo-granules
to exit myonuclei during regeneration (Fradkin and Budnik, 2016). Once myo-granules
are in the cytoplasm, it is unknown how they are transported. Myo-granules could freely
diffuse around the cytoplasm or they could be actively transported on microtubules like
neuronal RNA granules (Alami et al., 2014). Live-cell myo-granule tracking will be
important in the future to understand the dynamics and transport of these RNPs during
skeletal muscle regeneration.

Understanding the RNA composition of myo-granules is another important future
direction. Although we know many mRNAs that encode sarcomereic proteins are
incorporated within myo-granules, we do not have a comprehensive list of myo-granule
mRNAs. By deep sequencing isolated myo-granules, we can determine the individual
mRNAs within myo-granules. We can then study how these mRNAs are sorted and
incorporated into myo-granules. Are there multiple mRNAs in a myo-granule or just
one? Interestingly, many genes that encode contractile proteins are clustered on the
same region of a chromosome in mice and humans (Weiss et al., 1999). This could be a
conserved method to increase the efficiency of coordinated expression and packaging
so that many of the sarcomere components end up in similar myo-granules.
Alternatively, there are examples of RNPs that contain one, large mRNA that is formed

in the nucleus and transported to the cytoplasm (Skoglund et al., 1983). Either way,
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determining the specific mRNA components of myo-granules will be a helpful tool for
understanding the regulation of sarcomeric mMRNAs during muscle regeneration.

The protein composition of myo-granules may also serve as a mechanism to
regulate RNA transcription, transport and translation during muscle regeneration. TDP-
43 is a known component of myo-granules and has specific binding sites on mRNAs
that encode sarcomeric proteins. However, it is possible that there are other classes of
myo-granules that do not contain TDP-43. To test this, it will be important to knockout
TDP-43 from muscle cells and examine myo-granule formation. Preliminary knockout
experiments reveal that TDP-43 is an essential protein for skeletal muscle regeneration
(Vogler et al., 2018), and no myofibers form without TDP-43. However, almost nothing
is known about the role of TDP-43 in skeletal muscle formation, so it is unclear if the
regeneration defect is due to the role of TDP-43 in myo-granules or another role of
TDP-43 in muscle. Since TDP-43 has both nuclear and cytoplasmic functions in other
cell types (Sephton et al., 2012), it will be important to decouple these two roles during
skeletal muscle regeneration. Further, understanding the function of TDP-43 in other
post-mitotic tissues, such as cardiomyocytes, and if myo-granules form in these tissues,
will be an important next step.

TDP-43 containing myo-granules adopt a specific amyloid-like conformation
during muscle regeneration. Amyloids are assemblies of proteins arranged in a highly
organized manner (Eisenberg and Jucker, 2012) and are usually associated with
degenerative diseases, where they form large irreversible aggregates. Although not all

amyloids are found in disease (Boke et al., 2016; Maji et al., 2009), myo-granules
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represent the first amyloid that is composed of a protein that also forms an amyloid in
disease (Becker and Gitler, 2018; Vogler et al., 2018). Thus, it is important to
understand the biophysical similarities and differences between myo-granules and
amyloids that form in disease. Cryoelectron tomography of regenerating skeletal muscle
will be useful to probe the in-situ biophysical structure of myo-granules. Gaining a better
understanding of the myo-granule structure could shed light on how myo-granules can
aggregate together to form larger amyloid fibrils in vitro (Vogler et al., 2018). Designing
small molecules that prevent myo-granules aggregation would provide a unique
therapeutic approach for diseases of protein aggregation. Further, structural studies
could also identify how RNA interacts with myo-granules. For example, determining if
RNA is buried within a myo-granule or is located on the outside of a myo-granule could
link myo-granule structure to function.

Although myo-granules are similar in many ways to amyloid aggregates found in
disease, a major difference is that they are cleared. We propose a model whereby the
mechanisms that clear myo-granules are impaired in disease. Alternatively, there may
be an increase in the formation of myo-granules in disease. Increasing the abundance
of myo-granules enhances the possibility of amyloid fiber formation and/or aggregation
of TDP-43 in disease (Chapter 3). This model may explain why TDP-43 aggregates
occur in genetically diverse diseases including IBM (Salajegheh et al., 2009), which can
be caused by mutations in the ubiquitin segregase VCP (Custer et al., 2010), OPMD,
caused by Ala expansions in PABPN1 (Kusters et al., 2009), and DMRYV, caused by

mutations in the UDP-N-acetylglucosamine 2-epimerase gene (GNE) (Nishino et al.,
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2002). Moreover, the seeding of TDP-43 aggregates by TDP-43 oligomers may also
occur in neurons since reversible cytoplasmic TDP-43 accumulation occurs in models of
acute neuronal injury in vivo (e.g. axotomy or traumatic brain injury) (Moisse et al.,
2009; Wiesner et al., 2018). TDP-43 aggregates are also frequently observed on
autopsy in neurologically normal elderly individuals (Nascimento et al., 2018). The age-
dependent accumulation of TDP-43 aggregates may be caused by a failure to clear
TDP-43, or other amyloid-like assemblies that formed during tissue repair. Over a
lifetime, failures in proteostatic control mechanisms, including autophagy or endocytosis
(Elobeid et al., 2016; Liu et al., 2017a; Wilson et al., 2013), could increase the likelihood
that functional, amyloid-like assemblies transition into pathological aggregates. The
accumulation of pathological aggregates in muscle could cause the insidious
degeneration of skeletal muscle function during aging.

Skeletal muscle function and mass decline with age and can lead to increased
morbidity and mortality (Landi et al., 2013). While the mechanisms for age-related
muscle loss are multifactorial, reduction in the regenerative capacity of muscle is a clear
contributor (Brooks and Faulkner, 1990; Day et al., 2010). Previous work has
demonstrated that altered FGF signaling in MuSCs from aged muscle may drive the
depletion of MuSCs in aged muscle, and thus, reduce the regenerative capacity of aged
muscle (Bernet et al., 2014; Chakkalakal et al., 2012; Rozo et al., 2016). In Chapter 2, |
discuss the manipulation of FGFR1 signaling in MuSC from young and aged mice.
Increasing FGFR1 signaling in MuSCs has distinct effects on MuSC numbers in young

and aged muscle. In MuSCs from young uninjured muscle, increasing FGFR1 signaling
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has no effect on MuSC numbers. However, in young, regenerating skeletal muscle,
constitutive FGFR1 signaling increases MuSC numbers. In contrast, in MuSCs from
aged uninjured skeletal muscle, constitutive FGFR1 signaling increases MuSCs
numbers. Thus, increasing endogenous MuSC numbers by FGFR1 activation identifies
a potential new therapeutic opportunity to treat age-related muscle decline.

To unlock the therapeutic potential of FGFR1 activation in MuSC, we must
identify the FGFR1-dependent pathways responsible for increasing MuSC in aged mice.
A number of possible intracellular signaling pathways could be activated upon
engagement of an FGFR with an FGF in aged muscle, including p38a/B MAPK, ERK
MAPK, PI3 kinase, Akt, activation of STAT, and stimulation of Phospholipase C
gamma/Protein Kinase C signaling (Brewer et al., 2016; Ornitz and ltoh, 2015;
Pawlikowski et al., 2017). Because of its role in promoting asymmetric MuSC division in
aged mice FGFR activation of p38a/p MAPK is a top candidate (Bernet et al., 2014;
Jones et al., 2005). However, the connection between FGFR1 activation and p38a/
MAPK signaling is still unclear. Analyzing the phospho-proteome of MuSC expressing
caFGFR1 will help identify potential FGFR1 downstream pathways responsible for
increasing MuSC numbers in aged muscle. Independent activation of downstream
pathways, genetically or by small molecules, will help validate that therapeutically
targeting FGFR1 signaling will be a beneficial treatment for increasing MuSC numbers
in aged muscle.

The primary effect of increasing FGFR1 signaling in MuSCs in aged muscle was

an increase in MuSC numbers. A secondary effect was an increase in myofiber size of
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aged muscle. With the increase in myofiber size came a decrease in fatigue resistance
of the muscle. Together, these changes made the aged muscle resemble a more
youthful state. It is unclear how increasing FGFR1 signaling in MuSCs can change the
skeletal muscle size and function. Increasing FGFR1 signaling in MuSC in aged mice
may increase both MuSC numbers and fusion. Increasing fusion may increase the size
and function of myofibers in aged muscle. Tracking fusion events in MuSCs that
express caFGFR1 in aged muscle will be useful when examining this potential.
Alternatively, increasing MuSC numbers or rescuing impaired MuSCs in aged muscle
may provide a pro-hypertrophy signal to myofibers. Increasing MuSC numbers in aged
animals through a non-FGFR1 pathway, for example by Wnt7a (Le Grand et al., 2009),
will help identify if the increase in muscle size is dependent of FGFR1 signaling in
MuSCs or only MuSC numbers.

Collectively, the data presented in this thesis identify two distinct mechanisms
within skeletal muscle regeneration. Although distinct, FGF signaling in MuSCs and
RNA regulation in myofibers cooperate to rebuild skeletal muscle after an injury or
during disease. Elucidating the molecular pathways that drive these mechanisms will
further our understanding of muscle regeneration and help us design 215t century

therapies to treat skeletal muscle diseases.
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